Implementations of electric vehicle system based on solar energy in Singapore assessment of solar thermal technologies by Liu, Xiaogang, M. Eng. Massachusetts Institute of Technology
Implementations of Electric Vehicle System Based on Solar Energy in Singapore
Assessment of Solar Thermal Technologies
by
Xiaogang Liu
B.Eng. (Hons), Electrical and Electronic Engineering (2006)
Nanyang Technological University
Submitted to the Department of Materials Science and Engineering
in Partial Fulfillment of the Requirements for the Degree of
Master of Engineering in Materials Science and Engineering
at the
Massachusetts Institute of Technology
September 2009
@ 2009 Massachusetts Institute of Technology.
All rights reserved
ARCHIVES
Signature of A uthor: ......................... .......................................................
Department of Materials Science and Engineering
/ 1 % August 5, 2009
Certified by: ................ (/
Certified by: .........................
/9
Yet-Ming Chiang
Kyocera Professor of Ceramics
Thesis Co-Supervisor
Andy Chu
/Airector, A123 Systems
/- I Thesis Co-Supervisor
Accepted by: .................
.............
Christine Ortiz
Associate Professor of Materials Science and Engineering
Chair, Department Committee on Graduate Students
MASSACHUSETTS INSTTI'TE
OF TECHNOLOGY
SEP 0 9 2009
LIBRARIES
Implementation of Electric Vehicle System Based on Solar Energy in Singapore
Assessment of Solar Thermal Technologies
by
Xiaogang Liu
Submitted to the Department of Materials Science and Engineering
on August 14 th , 2009 in Partial Fulfillment of the
Requirements of the Degree of Master of Engineering in
Materials Science and Engineering
Abstract
To build an electric car plus renewable energy system for Singapore, solar thermal technologies
were investigated in this report in the hope to find a suitable "green" energy source for this small
island country.
Among all existing solar thermal technologies, parabolic trough power plants represent a well
established technology with more than twenty years of operation experiences. This report
reviewed recent progress of research in this field. It was found that significant progresses have
been made in solar collector, heat transfer fluid and thermal storage.
An economic assessment of the parabolic trough power plant technology was also carried out.
By comparing a parabolic trough power plant and a concentrating photovoltaic solar farm, both
advantages and limitations of these plants were indentified. Based on these findings, the niche
market for parabolic trough power plants was analyzed. It was found that in the next few years,
the deployment of parabolic trough plants would mainly occur in south-western U.S. and
Mediterranean countries.
However, it was found that concentrating solar thermal technologies were not suitable for
Singapore, due to this country's limited land and high fraction of diffuse solar radiation.
Therefore, PV technology was selected as a "clean" energy source. Based on PV electricity, a
few electric vehicle (XEV) models were developed and evaluated.
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Chapter 1. Introduction
This report is a constituent part of the project entitled "Implementation of Electric Vehicle
System Based on Solar Energy in Singapore" (refer to "the Project" in this report). However, this
report can also be referred as an independent work on the technological and economical
assessment of solar thermal power plant technologies, with parabolic trough power plant
technology as a focus .
1.1 Project Background and Objective
1.1.1 Background of the Project
On July 11, 2006, Singapore formally acceded to the Kyoto Protocol as a non-Annex B
country. Although Singapore is not obliged to commit to greenhouse gas emission reduction until
2012, it will have to reduce its absolute CO 2 emission based on the 1990 benchmark during the
second round from 2012 to 2016 [1, 2]. Figure 1 shows the total absolute CO2 emission and the
emission intensity (CO 2 emission per thousand dollars of gross domestic product) in Singapore
[2]. It can be seen that the absolute CO2 emission had increased more than 1.84 times from 1990
to 2005, or 21.5 million tons in Year 2005 to 39.6 million tons in Year 2005. The slight decrease
on CO 2 emission intensity is mainly due to the fast growth in Gross Domestic Product (GDP) in
the time span. Therefore, reducing the absolute CO 2 emission to 1990 level by 2016 is a
challenging task to Singapore.
The major contributors of CO2 emission in Singapore include power generation plants,
industry users of fossil fuels and electricity, transport sector, building and construction sector,
consumers and household usage, etc, as shown in Table 1 [2]. In fact, the top three contributors -
power generation, industry usage of energy and transport - constitute about 98% of the total CO2
emission in Singapore in 2005.
In order to meet the requirement of Kyoto Protocol, the Singapore government has
initiated a series acts to control CO 2 emission in the country. Examples include using highly
efficient combined-cycle gas turbine for power generation, replacing crude oil with natural gas as
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the major source for electricity generation, restricting private car ownership and
people to use public transport system, etc.
Singapore's Past CO2 Emissions (1990-2005)
70,000 0.350
60,000 - 0.300
50,000 - 0.250
-' .. 
0.200
30,000
- 0.10004 40,0000 0.15030,000 
0.100
20,000 0.050
10,000 . ..... .... 0.000
Year
Key:
0 Absolute CO2 Emissions
encouraging
* CO2 Intensity (CO2 emissions per dollar GDP)
Figure 1 Singapore's CO 2 Absolute Emission and Emission Intensity from 1990 to 2005
Table 1 Breakdown of CO 2 absolute emission in Singapore in 2005
Key C02 Contributors 2005 Kilo tones
4iata
Primary
Consumption
use combust fuel
Secondary
Consumption
use electricity
Overall
19,3 15
.... ..
13,465
(33%)
8,328
(21%)
21,793
(54%)
7,056
930
(2%)
7,986
(19%)
325
(1%)
5,910
(15%)
6,235
(16%)
216
(1%)
3,415
(8%)3
3,631
(9%)
732
(2%)
732
(2%)
TOTAL CO, , 40,377 kilo tonnes
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1.1.2 Objectives of the Project
A sustainable transport system based on electric vehicles and solar energy, with the
objective of reducing the absolute CO 2 emission from the transport sector, will be analyzed in
this project.
Electric vehicles (EV) generally refer to the vehicles that are "propelled by electric motors
powered by rechargeable battery packs". There are several variations of EV and they include
BEV (Battery Electric Vehicle) which runs purely on electricity, HEV (Hybrid Electric Vehicle)
which can run on both gasoline and electricity [3], and PHEV (Plug-in Hybrid Electric Vehicle)
whose batteries can be recharged by connecting a plug to a power source [4]. They will be
collectively named "XEV" in this report. As compared to conventional vehicles running on
Internal Combustion Engines (ICE), XEV have major advantages like less CO 2 and exhaust
emission, higher overall fuel efficiency [3], and potentially more economic affordability [5]. The
XEV is limited by its short driving distance due to the limitation in battery power and relatively
low speed. However, the characteristics of XEVs fit the average travel distance and speed in
Singapore quite well.
In order to make XEV even "cleaner" with less CO 2 emission, clean energy source has to be
searched to replace fossil fuel as the source for electricity generation. As a tropical island country
located almost on the Equator, Singapore has abundant solar radiation throughout the year. In
comparison with other renewable energy sources, solar energy has been identified as the first
alternative to fossil fuel in Singapore. Furthermore, Singapore government is committed to
promote solar industry in the country for the next a few decades. Since 2006, a total of S$350
million has been streamed into clean energy research with solar technology as the focus [6].
Several major solar technology companies, such as REC [7], Solar World [8] and Oerlikon [9],
have started to build their manufacturing plants or open their regional business hubs in Singapore.
By 2015, the clean energy industry is expected to contribute a total of S$1.7 billion to
Singapore's Gross Domestic Product and create about 7000 new jobs [6]. Therefore, developing
solar energy for XEV system in Singapore is economically, environmentally and politically
favorable.
In this group project, four of us - Yaliang Chen, Haitao Fu, Li Sun and I - will evaluate the
feasibility of introducing this XEV model into Singapore based on solar energy as the source of
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electricity. Our tasks will encompass independent technical and market assessment of the key
technologies involved in this model. Moreover, we will construct an integrated XEV
implementation model as a group.
Individually, Sun will look at solar photovoltaic (PV) for electricity generation; I will be
examining solar thermal technology for electricity generation; Fu will focus on the battery
technologies for XEV; Chen will evaluate flow batteries as the energy storage solution for
electricity generated from solar panels. The individual work can be found in our respective thesis
report for references.
1.2 Objective of this Thesis
Solar thermal power plant refers power plants which firstly convert solar radiation into
thermal energy. The thermal energy is subsequently transformed into mechanical energy by a
thermal engine, and then converted into electric energy. The energy flow is described in Figure 2.
I* * I~
Figure 2 Energy Flow in Solar Thermal Power Plants
Since the successfully deployment of Solar Energy Generating System in the California's
Mojave Desert, which consists of 9 power plants and a total capacity of 354 MW, from mid-
1980s to early 1990s, solar thermal power has been proven to be a reliable source for generating
electricity. As our world is looking for renewable energy to solve serious global warming
problems, solar thermal power plant could be a viable option for generating electricity.
In this thesis, various solar thermal power plant technologies will be reviewed and from
them, parabolic trough plant technology is chosen for an in-depth analysis. This thesis aims to
update recent research progress related to parabolic trough power plants and evaluate the
potential of these technologies. Moreover, a systematic cost evaluation of a parabolic trough
power plant will be carried out.
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Based on these findings, this thesis intends to indentify prospective markets for parabolic
trough power plants and analysis possible strategies for the large scale deployment of this
technology. Moreover, the feasibility of implementing parabolic trough power plants in
Singapore will be analyzed. By a comparison between a parabolic trough power plant and a
photovoltaic system, we will thereby indentify the technology used for generating "green"
electricity for the overall XEV plus renewable energy model.
1.3 Organization of this Thesis
Various solar thermal technologies will be reviewed in Chapter 2. From these technologies,
the most promising one in the near term (from 2009 to 2015) - the parabolic trough power plant
- is indentified.
In Chapter 3, an in-depth study of all components and related technologies and research
work of a parabolic trough power plant is performed. Major technologies being reviewed include
parabolic supporting structure, mirrors, receivers, heat transfer fluid, thermal storage and other
operating flows.
A broad economic assessment is done to calculate the cost of solar electricity from a
parabolic trough power plant in Chapter 4. In comparison, a direct competing technology-
concentrating photovoltaic will be assessed as well. With these results, we will indentify pros
and cons of the parabolic trough technology; evaluate its market potential and possible
implementation strategies. Moreover, the feasibility of introducing parabolic trough power plants
into Singapore is also studied in this chapter.
In Chapter 5, base on evaluation results from Chen on energy storage, Sun on photovoltaic,
and Fu on lithium-ion battery, and me on solar thermal power plants, comprehensive XEV plus
renewable energy models will be developed. The environmental, social, political and economic
benefits or barriers of these models will be discussed as well.
Chapter 6 serves as a summary of the conclusion for the entire Project.
Page 5 of 173
Chapter 2. Overview of Solar Thermal Technologies
We will start this chapter by introducing some basic knowledge on solar radiation. The
solar radiation contains both diffuse radiation and direct normal radiation. Only the direct normal
radiation can be utilized in a concentrating solar power system.
Solar thermal power plants can be broadly divided into concentrating and non-concentrating
systems. The concentrating systems can operate at higher temperature, thus having high solar-to-
electric efficiency. To date, the most well established solar thermal power plant - parabolic
trough power plant-belongs to this category. Two typical designs of non-concentrating systems
include solar updraft tower and solar pond power plant. They are still under experimental testing,
and so far no such commercial systems are deployed.
By briefly reviewing various solar thermal power plants, parabolic trough power plant is
found to be the most promising solar thermal technology in the near term from now to 2015 and
potentially beyond.
2.1 Start with the Sun
2.1.1 Solar Constant
The origin of the solar energy is from the nuclear fusion of hydrogen to helium in the sun.
The energy can be divided into two categories: radiation of matter, and electromagnetic radiation.
The radiation of matter includes protons and electrons released by the sun at a speed of about
500 km/s. However, very few of them reach the earth's surface, as almost all of them are
deflected away by the terrestrial magnetic field.
Most of solar energy reaching the earth is in the form of electromagnetic radiation [10].
This radiation is mainly released at the photosphere of the sun--the surface of the sun, which has
a temperature of approximately 5,785K. The radiation energy Es can be calculated by the
equation below[ 11]:
Msrd2
E = (2Les) 2
s 7r(2Les)2
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Ms is the radiant flux density of the sun, which is about 63.5 * 106 W/m 2
ds is the diameter of the sun, which is about 1.39 * 109 m
Les is the distance between the sun and the earth, with a mean value of about 1.5 * 1011"m
Therefore, the solar constant, the amount of incoming solar electromagnetic radiation per
unit area before entering the atmosphere, is calculated to be about 1,363 W/m 2 . This value
changes as the distance between the sun and the earth varies in a year, from about 1,330 W/m 2
to 1,420 W/m 2 .Over years this variation is less than 0.1% due to solar activity[l ].
2.1.2 Solar Spectra
However, most of solar radiation is absorbed in atmosphere when they reach the earth. Only
two spectral ranges-one from 0.3 to 5.0 yrm, the other from 10-2to 102m-can largely pass
through the atmosphere. Moreover, only the first range carries significant amount of energy
which can be technically used.
The solar radiation is weakened in the atmosphere by two main mechanisms: diffusion and
absorption. Diffusion means a change of radiation travelling direction without any loss of energy.
Such processes take place in air molecules, water drops, aerosol particles etc. Absorption is the
conversion from solar radiation to other forms of energy (thermal energy in most cases). Such
absorption can happen in "aerosol, cloud and precipitation particles"[11]. In particular, a
selective range of radiation can be absorbed by some gases in the atmosphere, e.g. ozone and
water vapor.
This loss of solar energy in the atmosphere is shown in Figure 3 cited from [12]. From this
figure, it is noticed that most of solar energy is within the visible spectral range. In addition,
there are some deep cuts or "dark regions" in the energy distribution of certain ranges of the
wave lengths. They are caused by the selective absorption of the sunlight by elements in the
atmosphere.
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Figure 3 Energy Distribution Spectra of Solar Radiation
2.1.3 Diffuse and Direct Normal Isolation
As discusses earlier, because of the diffuse mechanism, some solar radiation changes its
travelling direction when entering the atmosphere, and reaches the earth's surface indirectly.
This kind of radiation is called diffuse radiation.
On the other hand, the radiation with a straight path from the sun to the earth's surface
without any scattering is called direct normal radiation. This term is also called direct radiation,
normal radiation or sometimes direct normal insolation' (DNI) in different references.
Global radiation is the sum of the above two terms.
Insolation is a measure of solar radiation energy received on a given surface area in a given time.
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2.2 Classification of Solar Thermal Power Plant Technologies
The solar radiation arriving on the earth surface can be converted into thermal energy. With
this thermal energy, steams are generated to drive a conventional turbine generator to produce
electricity .This is the basic concept of solar thermal power plants.
According to collection methods of solar radiation, solar thermal power plants are divided
into concentrating and non-concentrating systems. The former are subdivided into point and line
focusing systems, as shown in Figure 4. Further differentiation can be made according to the
receiver type and heat storage systems.
In this chapter we will follow the classification shown in Figure 4 to briefly review each of
the solar thermal technologies.
Ut.
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Figure 4 Classification of Solar Thermal Power Plants
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2.3 Concentrating Systems
2.3.1 Fundamentals in Concentrating Systems
2.3.1.1 Concentration Ratio
Radiation concentration is necessary if high operation temperature is required.
The concentration of solar radiation is described by the concentration ratio, which is
usually determined solely geometrically (Cgeome), describing the ratio of the solar collector
aperture surface Aap to the absorber surface Aabs. For example, the concentration ratio of a
typical parabolic trough collector of an aperture width of 5.8 m and an absorber tube diameter of
70 mm is approximately 26 (5.8/(7 * 0.07), a factor of n is accounted assuming the absorber
surface consists of the entire surface of the absorber tube) . With regard to parabolic trough
collectors, in some references the diameter of the absorber tube is defined as the absorber
aperture. In such cases, the concentration ratio differs by factor pi.
Aap
C = Cgeom - Aabs
It may be argued that by concentrating solar radiation to an infinitely thin absorber, we
could ideally get infinitely high temperature. This argument is mistaken because the second law
of thermodynamics states that heat cannot flow from a lower temperature object to a higher
temperature one without an external source of work. It is quite obvious that the temperature of
solar absorber cannot exceed the temperature of the sun.
On the basis of the second fundamental theorem of thermodynamics, the maximum possible
concentration ratio for two-dimensional (single-axis concentrator, e.g. parabolic trough) and
three-dimensional (two-axis concentrator, e.g. paraboloids of revolution) can be calculated as
shown below respectively.
1
Cideal'2D sin Oa
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1
Cideal,3D = (sin 6 a) 2
,where 0a is half of the 'acceptance angle'.
Since on the earth surface the acceptance angle 2 0 a is approximately 9.3 mrad, maximum
ideal concentration factors for the 2D and 3D cases are 213 and 45,300 respectively. Rabl has
given a detailed proof in his book [13].
Correspondingly, the maximum achievable temperature for 2D and 3D concentrators is
about 1600K and 6000K respectively under the following conditions[ 13]:
At the maximum concentration ratio
No heat loss or extraction in the absorber
The absorber is non selective
However, in practice the acceptance angle of the concentrator has to be increased for a few
reasons [ 11]:
Tracking errors, geometric reflection and imperfect orientation of the receiver.
The reflection mirrors are imperfect and expand the reflected beam.
Atmospheric scattering expands the efficient aperture angle of the sun far beyond the ideal
value of 4.7 mrad (half of the acceptance angle).
Because of the factor of larger acceptance angle as well as thermal leakage, the practically
achievable operating temperature of the absorber is also far below its ideal limit. For example,
the solar field outlet temperature in SEGS is less than 400 0C.
2.3.1.2 Concentration Geometry
There are three way to concentrate solar radiation, namely: reflection, refraction and
diffraction. The two later methods can be performed only on rigid, transparent material and
require very high cost. Therefore, they are not used in a large scale. Instead, the reflecting
surfaces have been proven most cost-efficient and are largely used in the industry.
There are two basic designs in the reflecting surface. One is based on a parabolic surface
(solar radiation is approximately parallel and can be concentrated to a point by a parabolic curve);
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the other relies on the Fresnel profile as shown in Figure 5. A parabolic surface can be described
by the following equation, with f representing the focal distance.
x
2
Z =
4f
In the parabolic profile, a flatter parabola has a lower ratio of reflector surface to aperture
surface. In other words, the material consumption is lower. However, "a certain depth of the
profile and considerable technical effort are inevitable".
Another alternative design is the segmented parabola or so called Fresnel profile. In Fresnel
profile, all the segments are flat and placed at different slope but at the same level. Fabricating
such flat segments is technically easier. However, due to the blocking of the incident and
reflected radiation, the reflection efficiency is generally low [ 11].
Only the direct radiation is concentrated to the receiver at the focal point. This means that
diffuse radiation is not utilized in concentrating systems.
Figure 5 Radiation Concentration by (a): Parabola Profile and (b): Fresnel mirrors (cited from I11I)
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Figure 6 Parabolic Trough Reflector 2 (Left) and Fresnel Reflector 3 (Right)
By expanding these two shapes along a single axis, we can get a line focusing system as
shown in Figure 6. In this way, the solar radiation is concentrated onto a focal line, where a
receiver tube is placed to collect the radiation energy. Heat transfer fluid flowing inside the
receiver tube is responsible to absorb the reflected solar energy for later use in generating
electricity.
In order to obtain the highest concentration ratio, we could revolute the basic parabola or
Fresnel profile to form a 3D concentrating system. Consequently, another two reflector designs
commonly used in concentrating solar power plants are developed: parabolic dish, and central
tower as shown in Figure 7. In these two systems, solar radiation is reflected to a central spot.
These point focusing systems can operate at higher temperature than line focusing systems
and have higher efficiencies. However, they require 2-axis tracking systems. This often results in
a higher cost and more maintenance issues compared to a single-axis tracking system.
Figure 7 Parabolic Dish 4 and Central Tower s Design in Concentrated Solar Thermal Power Plant
2 Cited from http://www.renewableenergyworld.com/assets/images/story/2004/3/26/SEGS NREL.jpg
3 Cited from http://en.wikipedia.org/wiki/File:Fresnel reflectors ausra.ipg
4 Cited from http://www.solarnavigator.net/images/solar power euro parabolic dish sbp.ipg
5 Cited from http://www.global-greenhouse-warming.com/images/Solarming.com/images/SolarTowerMojaveDesert.pg
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2.3.2 Parabolic Trough Power Plant
"Parabolic trough power plant consists of a large field of parabolic trough collector, a heat
transfer/steam generation system, a Ranking steam turbine/generator cycle, and optional thermal
storage and/or fossil-fired backup systems. [14]" A schematic of such a power plant is shown in
Figure 8. The collector field is made of arrays of parabolic trough collectors. These collectors are
usually aligned along the north-south direction and controlled by a single-axis-tracking system to
follow sun path. There is one pipe (receiver) located at the focal line of each collector. Inside this
pipe, heat transfer fluid (HTF) is heated up by solar radiation to nearly 400 C as they flow
through the receivers. The hot HTF releases its thermal energy and produces steams at a heat
exchange system. The steam is then used to drive a conventional reheat steam turbine/generator
to produce electricity. The cooled heat transfer fluid can then re-circulate from the heat
exchanger to the collector field. Heat storage can be integrated into the system to enable
continuous operation of the power plant when solar radiation is weak or unavailable. In addition,
a backup fossil fired boiler can be equipped in the system to produce steams as well.
Solar field
Solar Steam turbine
Hot salt tank superheater
Boiler
Condenser
2-Tank saltNatural
torage Deaerator
generator
Solar
preheater Low pressure
preheater
Solar reheater
Cold salt tank
Expansion vessel
Figure 8 the Schematic of a Parabolic Trough Power Plant 1141
Parabolic Trough technology is so far the most well developed solar thermal technology.
This is largely due to the successful operation of Solar Energy Generating Systems (SEGS) in
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California till today. SEGS consists of nine plants with 354 MW of combined capacity. They
have been in operation for about 20 years. The characteristics of these plants are shown in Table
2.
Table 2 Major Characteristic of SEGS 1141
-- U.-
1 1985 13.8 8296 30,100 3 ou rs tal storage a
II 1986 30 190,338 80,500 Gas-fired boiler
I /V 1987 30 230,300._ 92, 780 Gas-fired boiler
V 1988 30 250,500 91,820 Gas-fired boiler
VI 1989 30 188,0O 90,850 Gas-fired boiler
VII 1989 30 194,280 92,646 Gas-fired boiler
Vill 1990 80 464,340 252)750 Gas-fired HTF heater
IX 1991 80 483,960 256,125 Gas-fired HTF heater
There are still debates on the cost of electricity generated from different solar thermal
power technologies, due to different assumptions in various models. Almost all reports agree that
in the near and medium term, parabolic trough technology represents an established technology
and has the lowest cost of electricity. More details about this technology will be covered in
Chapter 3 of this report.
2.3.3 Solar Tower Power Station
In a solar tower power station as shown in Figure 9, solar radiation is reflected to the
receiver located at the top of the tower by a plethora of mirrors, or so called heliostats (Greek
term meaning "immobile suns"). Heliostats consists a reflecting surface (e.g. mirrors, mirror
facets etc.) and a two-axis sun tracking system. Their sizes vary from 20 to 200 m 2.In the
receiver of the solar tower, radiation energy is converted to useful thermal energy stored in a heat
transfer medium. The heat transfer medium can be water/steam receiver, salt receiver, or air
receiver. Thermal energy stored in the heat transfer medium then generates steam and drives a
conventional thermal engine for generating electricity.
This process is illustrated in Figure 10, which is based on the working model of Solar
Two-a solar tower power plant in operation from 1995 to 1999 in California, U.S.A. Molten
salt consisting of 40% potassium and 60% sodium nitrate was used as heat transfer and storage
Page 15 of 173
medium. With this salt, solar energy can also be stored to generate produce electricity even when
the sun radiation is not available [15].
Figure 9 Solar Tower Power Plant (10 MW PSI0 in Spain)"
565 C
Turbine
O
i
, Steam Generator
Condensor
Figure 10 the Working Principle of Solar Two (California, U.S.A.)J 151
Solar tower is relatively new compared to parabolic trough power plant. Since it can operate
at higher temperature, it is believed that this technology could achieve a higher solar-to-electric
6 Cited from http://upload.wikimedia.org/wikipedia/commons/5/50/PS10 solar power tower 2.ipg
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conversion efficiency and lower electricity cost in a long term. However, in a short to medium
term, it is still less competitive than parabolic trough technology.
2.3.4 Parabolic Dish Systems
A parabolic dish as shown in Figure 11 can concentrate sunlight to a focal spot. The size of
the focal spot depends on the focal length, concentrator alignment, mirror surface conditions etc.
Concentration ratio of a parabolic dish is usually between 1,500 and 4,000; and common dish
diameter can go up to 25 m [ 11].
Figure 11 Parabolic Dish SVstems7
The solar collector can be either made of several facetted mirror segments mounted onto a
supporting structure, or a full-surface parabolic concentrator shaped by a forming process. The
mirror segment can be made of glass mirrors or materials covered with thin glass or reflecting
foil. The full-surface concentrator is often formed by a shaped metal membrane; it can also
consist of structures made of fiber-glass reinforced epoxy resin covered by thin glass mirror [16].
A mounting structure is used to support parabolic dish collectors. In addition, a two-axis
tracking system is equipped with the collector to track solar radiation.
7 Cited from http://susty.com
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At the focal spot, a Stirling motor is usually installed to convert thermal energy to
mechanical energy, which is then feed to a electric generator to produce electricity[17]. The
Stirling motor is commonly known as external combustion engine. It enclosed a fixed quantity of
working gas and within the working cycle the same gas is always used [18]. The same as other
heat engines, the general cycle of the Stirling motor consists of compressing cool gas, heating the
gas, expanding the hot gas, and finally cooling the gas before repeating the cycle. This motor
used for parabolic dish systems usually contains helium or hydrogen as working gas. Due to the
high concentration ratio at the solar collector, very high working temperature
between 600 to 800 OC can be achieved. It thus has a very high solar-to-electric efficiency.
Unfortunately, the cost of this system is also high for a few reasons. Firstly, the tracking
system is two-axis, more expensive than a single-axis system. Secondly, the heavy motor at the
focal point needs to be moved as the collector adjusts its direction tracking sun radiation. This
requires a rigid supporting structure and a powerful tracking system. These factors result in a
high capital cost for parabolic dish systems.
While solar tower and parabolic trough systems can only be used in large scale power
generation, parabolic dish system is also suitable for small scale power generation. This
technology has its niche market in constructing micro and mini grids in off-grid area. Moreover,
it can also be adopted in large scale power plant by inter-connecting many dishes together.
2.3.5 Fresnel Reflector Systems
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Figure 12 Fresnel Reflector Systems
Fresnel reflector systems are quite similar to parabolic trough power plants. However,
instead of using a single parabolic mirror to concentrate sunlight, the parabolic profile of this
system is approximated by a series of long, narrow, and shallow-curvature (or even flat) mirrors.
On top of the receiver, a small parabolic mirror can be attached to further concentrate sun light
[19, 20].
A few potential advantages of this system include [20]:
One receiver can be shared by a few mirrors, thus cutting down the cost
The receiver is stationary and no heat transfer fluid coupling is required
The mirror does not need to support the receiver, so this structure is simpler
This system could be integrated on root top, reflecting sun light and keeping the building
cool. Under these mirrors, plants can be grown
However, there are also a few challenges facing this technology [ 11]:
All mirrors need to be controlled individual and turned to different angels to reflect
sunlight. Therefore, a sophisticated control system is required.
Mirrors may shade each other and this system has a lower concentration ratio
Fresnel reflector systems are still at its crude stage compared to the previous three
concentrating systems. This report will not go in details on Fresnel reflectors.
2.4 Non-Concentrating Systems
In non-concentrating systems, the most popular designs include solar updraft tower and
solar pond.
2.4.1 Solar Updraft Tower Power Plants
A solar updraft tower power plant has three major components: glass roof collector,
chimney and turbine. A schematic of solar updraft tower is shown below. As can be seen from
Figure 13, both direct and diffuse solar radiation will heat the air under the glass roof collector.
As air temperature goes up, its density drops. This warm air will then rise in the chimney, which
is usually located in the centre of the collector. The flowing of air drives a pressure staged
turbine installed at the bottom of the chimney. This energy is eventually transformed to electrical
energy by the generator.
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Figure 13 Working Principle of Solar Updraft Tower Power Plant8
Black water bags or hoses can be installed on the ground as heat storage. In day time, water
is heated up by warm air; at night, the water can reheat the air. With this thermal storage, a
longer operation time can be ensured.
Other than the turbine efficiency, the output power of the solar updraft tower also depends
on another two factors: the size of the collectors and the height of the chimney. A large area of
solar collector is able to gather more solar radiation; a higher chimney can produce a larger
pressure difference at the turbine thus more power as described by the following equation [11]:
hr
Ap = g (Pairamb - Pair,tower)dhr
Compared to concentrating solar thermal technologies, the design of solar updraft tower is
very simple. For example, solar updraft tower uses air instead of heat transfer fluid to absorb
solar radiation. It does not require any cooling process. In addition, the land under solar collector
8 Cited from http://en.wikipedia.org/wiki/File:Solar updraft tower.svg
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can still be used for farming in certain cases. These factors could largely bring down the
electricity cost from solar updraft tower.
Regrettably, this low temperature solar-to-electric process has very low energy conversion
efficiency. This efficiency is approximately 0.5%-1%. Therefore, a large area of collector and a
high chimney is required for high power output. In Schlaich's model, a power plant with
200MW would need a collector diameter of 7 km and 1000m-high chimney [21]. Kaltschmitt etc
estimated the electricity cost to be 6 euro cents/kWh (about US$0.08/kWh) for a 200 MW solar
updraft tower. However, in his model, he assumed the land cost (of about 38 km2) was
negligible. A few others argued that this cost could be much higher. Some solar updraft towers
have been or are going to be built in Spain, Australia, Botswana and Namibia for research
purpose[22]. So far there is no commercial solar updraft tower. The exact electricity cost of solar
updraft tower still needs to be proved by commercial power plants. However, this low-efficiency
plant requires a large area of land and is thus not suitable for countries with limited land like
Singapore.
2.4.2 Solar Pond Power Plant
Solar Pond power plant makes use of brine (a water/salt mixture) in a natural or artificial
lake to absorb solar radiation for generating electricity.
A schematic of the solar pond power plant is shown in Figure 14. As can be seen from this
figure, water in solar pond is separated into 3 layers. In the top layer, the water has very low salt
content and nearly transparent to solar radiation; its temperature is relatively low, which is
approximately the same as the ambient temperature. In the bottom layer, salt concentration is
very high. The absorption of both direct and diffuse solar radiation mainly occurs in this layer.
However, due to its high density, water in the bottom layer cannot rise up to the surface of the
lake, and heat convection to the upper layer water is minimized. Therefore, the bottom layer acts
as heat storage and its temperature can go between 80 to 90 OC. With suitable thermodynamic
cycles, such as organic Rankine cycles, this energy can be extracted to generate electricity.
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Sola ration
Figure 14 A Solar Pond Power Plant [I Il
Careful control must be taken to ensure the stable stratification of the water in the pond.
First of all, the water temperature increase along its depth cannot exceed the density increase (e.g.
salt concentration), to prevent turbulent water. This requires constant monitoring of the
temperature in the entire pond. Accordingly, the amount of heat to be withdrawn can be
determined. Secondly, diffusion of salt in the lake is unavoidable. Therefore, salt has to be
regularly extracted from the top layer and added to the bottom layer. Lastly, to avoid turbulent
water, the lake surface can be covered with a layer of plastics to minimize waves.
Due to its low temperature compared to concentrating solar power systems, solar pond has a
very low net efficiency around 1%, thus resulting in a high cost. The cost of electricity
generation is estimated to be 14 euro cents (approximately US$0.195) per kWh, assuming brine
or appropriate salt is available for free [ 11].
There are also concerns about the environmental effects of solar pond. For example, the
leakage of salt brine may pollute the water in surrounding areas. Moreover, the evaporated water
needs to be constantly replenished. This may consume a considerably amount of fresh water [23].
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2.5 Summary
Considering all these six technologies, namely parabolic trough, central tower, parabolic
dish, Fresnel reflector, solar updraft tower, and solar pond power plants, for the deployment in a
large scale and in a near term, it is found that parabolic trough technology has the highest
potential. First of all, non-concentrating solar thermal technologies have a very low efficiency,
one order lower than that of concentrating systems. So far there are no such commercial plants.
We therefore rule out solar pond and solar updraft tower technologies. Among four concentrating
systems, parabolic trough has the lowest cost in a near and medium term and represents a well
established technology. Therefore, this report will focus on parabolic trough technology in the
rest sections.
The attributes of three commonly adopted concentrating systems-parabolic trough, central
tower, and parabolic dish-are summarized in Table 3.
Table 3 Comparison of Solar Thermal Technologies 1241
Parabolic Trough Central Receiver Parabolic Dish
Applications Grid-connected plants, mid- to high- Grid-connected plants, Stand-alone, small off-
process heat high temperature process grid power systems or
heat clustered to larger gird-
(Highest single unit solar capacity to connected dish parks
date: 80 MWe.) Total capacity built: (Highest single unit solar (Highest single unit solar
354 MW capacity to date: 10 capacity to date: 25 kWe)
MWe)
Advantages Commercially available - over 12 Good mid-term prospects Very high conversion
billion kWh of operational for high conversion efficiencies -peak solar
experience; operating temperature efficiencies, operating to net electric conversion
potential up to 500 OC (400 oC temperature potential over 30%
commercially proven) beyond 1,000C
(565 0 C proven at 10 MW Modularity
Commercially proven annual net scale)
efficiency of 14% Hybrid operation
Storage at high possible
Commercially proven investment temperatures
and operating costs Operational experience
Hybrid operation possible of first demonstration
Modularity projects
Best land-use factor of all solar
technologies
Lowest materials demand
Hybrid concept proven
Storage capability
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Disadvantages The use of oil-based heat transfer Projected annual Reliability needs to be
media restricts operating performance values, improved
temperatures today to 4000 C, investment and operating
resulting in only moderate steam costs still need to be Projected cost goals of
qualities proven in commercial mass production still
operation need to be achieved
Concentrating collectors can reach temperature levels similar to that of existing fossil-fuel
fired thermal power stations. Consequently, turbine and generator used in concentrating solar
power plants are compatible to those used in conventional power plants. Hence, in the next
chapter, only solar-specific parts in a parabolic trough power plant are discussed in details.
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Chapter 3. Technical Assessment of Parabolic Trough Power Plant
Technology
In this chapter, we will examine various components and related technologies in a parabolic
trough power plant, including solar collector, heat transfer fluid, thermal storage and plant
process design.
3.1 Solar Collector
Concentrating Solar Power (CSP) plants are capital intensive. The newly built Nevada Solar
One, a parabolic trough power plant of 64 MW, cost $266 million [25]. Among this huge
investment, solar collector represents about half of the total cost [26]. This high cost reflects the
importance to develop solar collectors of high efficiency but low cost.
Solar collector consists of support structure (steel structure), parabolic trough reflector
(solar mirror), receiver (absorber pipe), and the tracking systems including sensors, drivers and
other controls as shown in Figure 15 [27].
Solar collector is responsible for tracking sun path, concentrating solar radiation to the
receiver, absorbing radiation and converting it into thermal energy. A highly efficient solar
collector plays an important role for maximizing the electricity output in a parabolic trough
power plant.
In this section, we will study various components of a solar collector and review related
research progress in this field.
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Figure 15 Parabolic Trough Solar Collector
3.1.1 Support Structure
The support structure is also called concentrator structure or steel structure for those made
of steel. This structure supports solar mirrors and receivers, maintains them in optical alignment,
withstands external forces, such as wind, and most importantly directs the collector to track the
sun [28]. There are mainly three different designs of the support structure-Solel LS-3 collector,
EuroTrough Collector, and SolarGenix Concentrator [29].
3.1.1.1 Solel LS-3 Collector
Solel LS-3 collector is more often called Luz LS-3 collector. Luz was the developer of
SEGS. It filed bankruptcy in 1991 and its manufacturing assets were purchased by Solel Solar
System in 1992. Luz collectors are used in SEGS in California.
Figure 16 shows the structures of Luz -2 and Luz-3 collectors. Luz-2 collector has six
torque-tube collector modules, with three on each side of the driver. Each torque tube supports
two 4-meter-long receivers. This simple torque-tube structure provides torsional stiffness to
move the reflectors. However, Luz-2 torque-tube requires a great amount of steel and high
precision in manufacturing, thus having a high cost. In the hope to reduce the cost, Luz-3
collector was developed. In Luz-3 collector, a bridge truss structure is adopted to replace the
torque tube in order to reduce the use of steel, as shown in Figure 16. Each LS-3 truss assembly
can support three 4-meter-long receivers. Although Luz-3 collector provides excellent tracking
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availability, it suffers poor thermal performance and maintenance problems due to alignment
issues. Therefore, Luz-3 collector never achieves the same performance level as that of Luz-2
collector. Consequently, the manufacturing cost reduction of Luz-3 is largely offset by its poor
performance [14, 28].
Figure 16 (a) the back structure of LS-2 parabolic trough solar collector; (b) the back structure of LS-
3 parabolic trough solar collector; (c) LS-3 space frame 114, 281
3.1.1.2 EuroTrough Collector
EuroTrough collector is designed by EuroTrough, a consortium of a few European
companies and research laboratories (Inabensa, Fichtner Solar, Flabeg Solar, SBP, Iberdrola,
Ciemat DLR, Solel, and CRES). The main feature of this new collector is a torque box. This
torque box combines the torsional stiffness and alignment benefits of Luz-2 collector with the
reduced weight and cost of LS-3 like truss design. The rotating axis of the collector is located at
the gravity centre of the entire structure. As shown in Figure 17, the central element is a steel
construction which absorbs torsion and bending forces. The reflector panels are supported with
attached arms to reduce breakage.
This design minimizes the torsion and deformation of reflector, and increases the optical
performance of reflectors. Moreover, this stiffer design allows the extension of the collector
length from 100 m to 150 m. In this way, the total number of required motors, interconnecting
pipes can be reduced. This will further reduce the system cost and thermal losses resulted from
interconnecting points. In addition, this structure uses only a few different steel parts, and makes
manufacturing and transportation work easier.
A photogrammetry test shows that EuroTrough collector has 3% optical efficiency
improvement compared to LS-3 collector[14] .
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Figure 17 EuroTrough Solar Collector 1301
3.1.1.3 SolarGenix Concentrator
SolarGenix Solar is formally known as Duke Solar. Its collector is made from 2-inch
rectangular extruded aluminum tubes. It uses a unique organic hubbing structure, which is
initially developed for buildings and bridges. The space frame consists of 137 aluminum struts,
arranged in a three-dimensional truss-like pattern.
This design achieves the same level of performance in terms of torsional stiffness and beam
stiffness as the LS-2 collector. Moreover, this design is simple for fabrication and assembly. It
has lower weight and higher corrosion resistance because of the use of aluminum[14].
SolarGenix collector is used in Nevada Solar One Project [25].
Figure 18 SolarGenix Collector
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The major characteristics of above mentioned parabolic trough collectors are listed in Table 4.
Table 4 Characteristics of Parabolic Trough Collector
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3.1.2 Reflector
Among the three major components in a solar collector - support structure, reflector and
receiver, the reflector or so called solar minor occupies about 30% of the solar collector cost [26].
In addition, CSP systems must operate for decades in very harsh outdoor environment. Therefore,
it is very important to develop low cost yet reliable and efficient solar mirrors.
The optical performance of solar mirrors is indicated in terms of specular reflectance-the
degree to which a mirror is capable to transfer direct normal solar radiation to the receiver. The
general requirement is 90% of reflectivity to a half cone angle of 2 - 4 mrad [31]. However,
this angle requirement is set based on parabolic dish and heliostats, which has a concentration
ratio above 1000. For parabolic tough, this ratio is in general less than 100. Therefore, this
requirement could be relaxed. The specular reflectance depends on micro-roughness of the
mirror surface, and crazing of topcoats. A major factor contributing to specular reflectance loss is
hemispherical reflectance loss due to weathering induced reflective layer corrosion, which is
relatively easy to measure. In fact, the hemispherical reflectance loss is a predominantly measure
to characterize the specular reflectance.
When solar mirrors are used in field, exposure to sunlight (especially ultraviolet (UV) light),
temperature and moisture can lead to loss of reflectance, with a severity in the order mention
above [32]. Therefore, tremendous efforts have been put in to develop reliably solar mirrors.
3.1.2.1 Thick Glass
Currently thick glass is used in SEGS and is dominating the market. A schematic of thick
glass mirror architecture is shown in Figure 19 [26] . The silver layer of the thick glass is very
vulnerable to contaminations. Hence, traditionally a copper layer and a protective paint layer
have been applied to protect the silver layer. The copper layer provides a surface for the paint to
adhere, and the paint prevents copper from abrasion and corrosion. Therefore, the lifetime of the
mirror is greatly extended [26, 33].
In the past few years, due to environmental concern, the copper layer has been replaced by
a copper-free layer. This layer is formed by introducing both a cation solution (e.g. SnC12) and
an anion or hydroxyl ion solution (e.g. NaOH) to the silver layer to react and form an insoluble
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precipitate layer. The paint layer also become lead free with Pb replaced by (Ni 2+and Co2+) -
bis - hydrogen cyanamide [26].
In SEGS, The Luz LS-3 parabolic trough concentrator uses thick- glass mirror reflector.
The glass mirror is manufactured by Flabeg Solar International in Germany. This mirror has a 4
mm low iron float glass coated by silvered back and several other protective coatings. It has
ceramic pads and allows the mirror to be attached to the supporting structure. The parabolic
shape of this mirror is obtained by heating the mirror in a parabolic mold in a special oven.
When it is new, this mirror has a reflectance of more than 93%. It also has a long lifetime--even
after 15 years of service at SEGS, this mirror can still be cleaned and offers excellent
performance. Yet, breakage of mirrors has occurred due to wind load. Such breakage may also
damage receivers and neighboring mirrors. Therefore, Flabeg is developing thicker and stronger
mirror for application in areas with strong wind. This company is also developing new designs to
move the mounting pads closer to the comer of the mirror so that more loads can be transferred
to the supporting structure [14].
Glass
Multilayer Paint System
Figure 19 Glass Mirror Architecture 1341
Other than the traditional thick glass, a few alternative reflectors have been developed.
They are summarized in [35]. Test results for these mirrors are updated by Kennedy etc. in [26].
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3.1.2.2 Thin Glass
The first possible candidate is thin glass as shown in Figure 20. Thin glass offers the same
level of reflectivity as thick glass. However, it has only approximately Imm thin glass deposited
on a metal substrate. Therefore, it is low weighted and could be much cheaper than thick glass.
Unfortunately, thin glass is much more fragile and has a great deal of breakage related issues.
Another concern about thin glass is corrosion related either to the adhesive materials between the
glass and its substrate or the chosen substrate materials. During NREL's test, thin glass samples
shows corrosion along unprotected edges and cracks [26].
Paint System
Figure 20 Thin Glass Architecture 1341
3.1.2.3 Nonmetallic Thin Film Reflector
3M is also developing a nonmetallic, thin film reflector. In this design, the reflector consists
of a few alternating co-extruded polymer layers with different refractive index. Multiple
reflections can happen at the interfaces. Hence, a very high overall reflectance of approximately
99% could be achieved in visible light band. 3M's prototype has demonstrated such high
reflectance in a narrow band. However, such nonmetallic material is sensitive to UV corrosion.
3M was planning to develop on UV screening cover to extend this mirror's lifetime. However, a
critical weakness of this mirror is that it is not aberadable. Hence, it is very likely that this
product is not suitable for outdoor use.
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3.1.2.4 Silvered Polymer Reflector
Another similar laminate design is from the joint work of ReflecTech and NREL. They use
a commercial silvered-polymer reflector and coat this reflector with a UV-screening film to
improve its durability. This reflector has a reflectivity of about 93% and potentially very low cost.
This product was commercialized by Skyfuel Inc. This company claims that its new
parabolic trough concentrators has a 35% cost reduction compared to other commercially
available systems [36].
3.1.2.5 Front Surface Mirror
Luz Industrial Israel created a front surface mirror (FSM). This mirror consists of a
polymeric substrate, a metal or dielectric adhesion layer, a silver reflective layer, and a protective
top coating. This mirror has a very good initial reflectivity of more than 95%. Even after an
acceleration test of equivalently 20 years, this reflectivity is still higher than 90%. However, the
cost of this mirror remains unknown.
3.1.2.6 Super Thin Glass
SAIC and NREL had been developing another mirror called "Super Thin Glass". The
architecture of this mirror is shown in Figure 21. This technique makes use of ion-beam-assisted
deposition to deposit a hard (cleanable) and dense (protective) alumina coating on top of Ag and
Cu layer attached to a steel or polymeric substrate. This mirror demonstrated excellent optical
characteristics. The main challenge is to increase the growth rate of alumina layer to 30 nm/s or
even higher, which is necessary in order to reduce the mirror's price to about US$10.76/m 2 [37,
38]. The maximum growth speed was slightly above 20 nm/second in Year 2005. However, at
high growth speed, due to the poor control of process parameters and insufficient supply of ion
assist, low deposition quality such as uncompleted oxidation of the film was observed. Samples
also showed degradation along unprotected edges and at pinholes. Additional efforts are required
to address these problems. Lastly, the fabrication process could be slow and scaling up this
process could be another challenge.
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The major characteristic
Table 5. Note that the cost
approximation.
Figure 21 SAIC Super Thin Glass 1261
of above mentioned new mirror technology is summarized in
here does not represent the actual price, but only provide an
Table 5 New Reflector Technologies
Although progress has been made in developing new solar reflectors, the development has
been slow due to limited funding [26].
These new mirrors could play an important role in the solar collector market in a long term.
However, in a near term thick mirror is likely to dominate the market [14].
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3.1.3 Receiver
A receiver is placed at the focal line of a parabolic trough to absorb solar radiation, and
convert it to thermal energy and transfer the heat to the heat transfer fluid (HTF). This receiver is
also called heat collection element (HCE) in some references. A high efficient receiver plays a
very important role in increasing electricity output of a parabolic trough power plant.
Figure 22 show the structure of a common receiver used in SEGS. This receiver contains
70-mm outside diameter stainless steel tube with a cermet solar selective absorber surface
(cermets are highly absorbing metal-dielectric composites consisting of fine metal particles in a
dielectric or ceramic matrix). The steel tube is surrounded by an antireflective glass tube. The
annulus region in between the steel and glass tubes is evacuated. Conventional metal-to-glass
seal and bellows are adopted to ensure a tight enclosure of the vacuum annulus and
accommodate the thermal expansion difference between the glass and metal tubes [39].
The primary purpose of the vacuum annulus is to minimize the heat losses from the metal
tube containing high temperature HTF, which will be explained in next section. In order to avoid
large convection losses due to gas molecules in the vacuum, a pressure below 10- 4 torr is
usually required. Moreover, the vacuum helps to protect the cermet coating on the metal tube
from oxidation. This coating is prepared by sputtering cermet onto the metal tube. It helps to
increase solar absorbance while minimizing the steel tube's radiation at its operating temperature
[39].
Both sides of glass tubes are coated with an antireflection layer. This coating maximizes the
solar transmittance.
The getter shown in Figure 22 is made of metallic compound. It is incorporated to the
receiver to absorb gas molecules permeating into the vacuum of the receiver over time [39].
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Figure 22 Heat Collection Element (Receiver)
There are mainly two suppliers of the receiver-Solel from Israel and Schott from Germany.
Solel bought over Luz's manufacturing assets as Luz went to bankruptcy in 1992 .they have been
improving the design and performance of its receiver since then [40]. Schott entered this market
in 2005 [39]. Their product specifications are shown in Table 6.
Table 6 Receiver Specifications from Solel and Schott 1411
(' Data provided by manutacturers)
According to test results from NREL, both Solel UVAC and Schott have exceptional
performances. In 2007, both products have a thermal loss of about 400 W/m at HTF temperature
of400 0C [42]. In 2008, with further advance of technologies, this thermal loss is reduced to
about 300 W/m. Detailed test methods can be found in [43, 44]
A few techniques have been developed to evaluate the thermal loss of receivers. The first
technique is performed under steady state equilibrium. The receiver temperature is raised up by a
heater. The system is kept at a high temperature, monitored by thermal couples. In this
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equilibrium state, the heat losing rate of the receiver is equal to the electric power of the heater.
The second technique is done under quasi-steady-state. A hot fluid flows from one end of the
receiver to the other end. By measuring the temperature drop of the fluid with known enthalpy,
we could estimate the amount of thermal loss. The last technique is based on receiver surface
temperature measurement with an infrared (IR) camera. The emitted radiation is a function of the
surface temperature and surface emissivity of the receiver. With known material emissivity and
surface radiation, the surface temperature can be determined. IR camera is selected as it operates
in the far IR region (8-14 um) and is not influenced by solar radiation (wavelength 0.3-2 um).
Hence, such measurement can be done even when the receiver is working. Figure 23 shows an
IR image. From this picture, we can clearly indentify the sky, solar mirror, receiver and receiver
support. The color of the image represents the intensity of IR signal and its temperature[39, 41].
Although this technique is easy to perform, care must be taken into to interpret the data. This is
because the surface temperature of the receiver is also influenced by surface coating properties,
wind speed, ground temperature etc. This technique only serves as a relative measure of the heat
loss.
Figure 23 IR Image of a Parabolic Trough Receiver 1391
Based on measurement results, a model has been developed to evaluate the thermal loss
related to different parameters in the receiver and its operating environment [45, 46]. Two major
contributors to the heat loss include gas molecules in the vacuum annulus, and wind.
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The influences of gas molecules are shown in Figure 24. As can be seen from this figure,
at HTF temperature of 350 oC, the receiver's heat loss can increase from about 200 W/m to
nearly 500 W/m if the vacuum annulus is broken.
The detrimental effect of hydrogen gas is even worse. Hydrogen can be generated from the
decomposition of HTF at high temperature. Hydrogen atoms can diffuse through the metal pipe
and enter the vacuum annulus. In earlier designs, the amount of hydrogen getters installed inside
the annulus is insufficient for controlling the hydrogen build-up over the lifetime of the receiver,
and hydrogen pressure hence goes up [47]. As we can see from this figure, the heat loss due to
hydrogen increases by almost 4 times to about 900 W/m as its pressure rises from 10- torr to
1 torr. A detailed overview of the chemical literature dealing with the thermal decomposition of
HTF Therminol VP-1 is given in [47].
Another small atom yet of high diffusivity is helium. It takes about 3 months at 400 OC for
helium to diffuse into the vacuum annulus and reach its equilibrium partial pressure of
approximately 0.004 torr in atmosphere[39] . Once this equilibrium is reached, the receiver
thermal loss becomes nearly 300 W/m. Moreover, such loss increases with the temperature of
the HTF flowing inside the receiver.
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Figure 24 Receiver Thermal Loss as a Function of Fluid Temperature and Annulus Condition 1391
The heat loss of receivers also increases with wind speed. The wind can speed up the
convection of heat from the receiver surface to the atmosphere. This effect is shown in Figure 25.
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Figure 25 Receiver Thermal Losses as a Function of Glass Temperature and Wind Speed 1391
Main failure mode of receivers includes the loss of vacuum, breakage of glass. These
damages will leads to an increase in thermal loss. Moreover, as air enters the vacuum annulus,
the absorptive coating on the metal tube can easily been oxidized, thus reducing the optical
efficiency of receivers. During the initial operation period of SEGS, a high replacement rate of
about 4-5% yearly was observed for receivers. This high rate is mainly due to improper
installation and maintenance and this situation has been improved over years [45]. However,
another ongoing issue is the improvement of glass-to-metal seals. A finite element analysis
shows that concentrated solar flux can cause large pressure on the glass-to-metal seal and current
design have to be improved to minimize failures from this mechanism.
Solel purchased Luz's manufacturing assets and continued to supply receivers to SEGS. At
the mean time, Solel improved Luz receiver and developed UVAC receiver. In UVAC receiver,
an internal reflective shield is introduced at the internal side of the glass-to-metal seal to protect
this seal. In addition, cermet coating is improved to address the oxidation issue.
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Another focus of the research on receiver design is to improve the thermal coating of
receivers for higher temperature operation and to enhance its reliability. A few materials have
been studied for this purpose, including graded Mo, W, ZrB, Pt-A1203 cermets; black Co, Mo,
W; double cermets SS-AIN, AIN/Mo, or AIN/W etc [48].
In 2005, Kennedy and Price created a computer model for developing new solar-selective
coating with better optical performance and stability at high temperature, not only in vacuum but
also in air [49]. Their goal is to develop a new coating for operation above 450 0C, yet with high
absorptance (>0.96) and low thermal emittance (<0.07). They have formulated a few criteria for
this new coating design.
To achieve this goal, right coating materials have to be identified first. "Various transition
metals, especially those formed from refractory metals of groups IVA, VA, and VIA and their
binary and ternary compounds-have been suggested for high temperature applications because
of their high melting point and chemical inertness", such as titanium, zirconium, or hafnium
metal boride, carbide, oxide, nitride and silicide [50]. These materials have high spectral
selectivity, hardness and resistance to corrosion and oxidation. Secondly, microstructure of
coating materials also plays an important role in its spectral selectivity. The emittance can be
adjusted by forming different surface textures to optically trap solar energy [51, 52]. Moreover,
the material should have a good conformity and continuity over the metal tube, and is easy for
manufacturing. Lastly, there is a trade-off between high absorptance and low emissivity. In
general, a rough and porous material has high absorptance; on the other hand, materials with
lower emissivity is usually smooth, dense and highly reflective. Therefore, it is believed that "a
high-temperature solar-selective coating could be developed from materials with intrinsic solar
selectivity and high-temperature stability using multiple cermet layers, along with appropriate
surface texturing and multiple antireflective (AR) coatings." [53]
Based on this model, a multi-layered coating is modeled and the simulation shows very
promising results, even better than the specified goal. However, sample fabricated by ion-beam-
assisted (IBAD) electron-beam (e-beam) co-deposition has a relatively poor performance, mainly
due to the uneven thickness of deposited layer deviated from the target. However, this paper did
not mention which exact t materials are used in the experiment. Moreover, to fabricate such a
complicated structure precisely, the cost is likely to be high.
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A few cheap but of low performance coatings are also introduced. Sunray Energy, the
operator of SEGS I and II plants used a special blank paint to replace the coating when recycling
used stainless tubes in the receivers. Another SEGS operator is using a sol-gel overcoat to protect
cermet coating from oxidation during refurbishment [54]. It is claimed that these techniques can
achieve 80-90% performance of Solel UVAC's performance, yet with a low cost of only 20-30%
of UVAC receivers. However, these techniques are mainly used for maintenance work. The high
cost of UVAC receivers can be well off-set by its long term gain in generating more electricity
output.
In recent years, various fabrication methods of different coatings have been developed. For
example, high temperature Mo-A1203 cermet solar selective coatings can be prepared by
magnetron sputtering and high temperature annealing [55]. "Silica-copper oxide (silica-CuO)
composite thin films were prepared by a dipping sol-gel route using ethanolic solutions
comprised TEOS and a copper-propionate complex."[56] "Spectrally selective CrxOy/Cr/Cr203
multilayer absorber coatings were deposited on copper (Cu) substrates using a pulsed sputtering
system." [57] "Spectrally selective TiAl/TiAIN/TiAlON/TiAlO coating was deposited on
stainless steel and copper substrates using a multi-arc ion plating system." [58] However, these
methods are still largely under research. Currents result is not as encouraging as those
commercial products from Solel and Schott.
3.2 Heat Transfer Fluid
In the receiver of a solar collector, solar radiation is converted to thermal energy and
transferred to heat transfer fluid (HTF). HTF then transport the heat to the power block to
generate steam. HTF materials can determined the operation temperature range in solar collector
field. In general, a higher temperature is preferred for a higher thermal efficiency for generating
electricity. However, In order to control the pressure of HTF inside the receiver tube, a
temperature limit must be set. In addition, HTF also affects the type of thermal storage
technologies.
Biphenyl-diphenyl-oxide, commonly known by its trade names of Therminol VP-1 and
Dowtherm A, or so called thermal oil or synthetic oil, is used as HTF in SEGS. It demonstrated
excellent stability. Although it is flammable, with reasonable efforts, safety can be ensured.
However, VP-1 also has a few limitations, including [14]:
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* Limited operation temperature less than 400 oC
* High Cost
* Need heat exchange to transfer its energy-thus lower efficiency compared to direct
beam generation from solar radiation
* High pressure as temperature goes up, thus not suitable as a thermal storage material
As an alternative, molten salt has been proposed as HFT. Molten salt has high heat capacity,
lower cost, and potentially higher operation temperature up to 5000C. Nonetheless, it has high
melting temperature (approximately 220 0 C). If the receiver temperature is too low, solidification
might happened thus create serious jamming in receiver pipes. It thus requires trace heating.
Another issue related t molten salt is its corrosive properties. A recent treatment on this topic can
be found in [59]. Molten salt also has high viscosity. Nevertheless, considering its high heat
capacity, the overall pumping power requirement is still lower than that of synthetic oil [11].
The two leading candidates of molten salt were the so-called solar salt (a binary salt consisting of
60% NaNO3 and 40% KNO3) and a salt sold commercially as HitecXL (a ternary salt consisting
of 48% Ca(N03)2, 7% NaNO3, and 45% KNO3) [60].
Direct water to steam generation in receivers is also considered. Steam potentially has very
high temperature. Moreover, direct steam generation eliminates the energy loss during heat
exchange between HTF and water. With current technology, it is possible to directly generate
saturated steam with parabolic trough collectors. However, this high pressure requires strong
receiver tube, or thick tube walls. To address this problem, alternative receiver design-using
wide receiver tube bundles to replace the well proven individual tube-has been proposed [61].
A small scale test sites-the so-called PSA DISS test facility-was built and operated for more
than 3000 hours under real solar conditions from 1999 to 2001 to investigate the Direct Steam
Generation (DSG) process. This project proven the feasibility to implement direct solar steam
generation and accumulated valuable operation experience in a small scale test site. The result
shows that "in a regenerative Rankine cycle, DSG integration producing steam at a steam turbine
inlet temperature of 450 'C leads to a total conversion efficiency (solar to electricity) of 22.6%,
while the efficiency of oil systems with a turbine inlet temperature of 375 oC (temperature
imposed by the present limit of oil stability) is 21.3%. [62]" Many parameter adjustments are
required to obtain this high efficiency, and it is believed that higher operation temperature and
superior solar-to-electric efficiency could be obtained in the future. However, note the operation
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temperature of synthetic oil in SEGS is close to 400 'C instead of 375 oC. Hence, with present
technology, direct steam generation does not show any significant increase in term of efficiency
yet. Implementation in a large scale still needs further research.
A few other materials are also considered as HTF. They are summarized in Table 7.
Table 7 Summary of Heat Transfer Fluid I141
Synthetic oil, 13-395 [63] Relatively high application temperature,
e.g. VI-l flammable
Mineral oil, e: , -10 - 300 [63] Relatively inexpensive, flammable
Water/Steam 0 ->500 [64] High receiver pressure required, thick wall
tubing
Silicon oil -40-400 [30] Odourless, nontoxic, expensive, flammable
Nitrate salt, e.g., 220 - 500 [60] High freezing temperature, high thermal
Air -183 - >500 [14] Low energy density, only special IPH
applications
3.3 Thermal Storage
Thermal storage helps to smooth out fluctuation in electricity output due to variance of
solar radiation in solar thermal power plants. It also reduces these plants' reliance on fossil fuel
to meet peak demand when sunshine is weak or not available. Hence, thermal storage improves
the power stability of solar thermal power plants and facilitated its integration into power grid.
Thermal storage also gives these plants flexibility to produce electricity during the period of high
tariff and increase its annual capacity factor [66, 67].
3.3.1 Classification of Thermal Storage
Various storage systems have been proposed. Based on storage mechanism, these systems
can be classified into sensible heat mechanism, latent heat mechanism, and heat from chemical
reaction. They are summarized in Figure 26. Sensible heat storage is usually in the form of
temperature change in materials as their internal energy varies. On the other hand, thermal
energy can also be stored isothermally, such as heat of fusion, heat of vaporization, or heat of
solid-solid crystalline transition. The energy storage at a constant temperature via changing
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phases is called latent heat storage. Lastly, thermal energy can be released or absorbed during
chemical reactions. By having a completely reversible chemical reaction, thermal energy from
solar field can be used to excite one endothermic reaction. This energy can also be released via a
reversed reaction, through the control of catalysts.
Sensible Heat e.g. temperature change in
materials
Latent Heat e.g. phase change in
e.g. energy change during
chemcial reaction
Figure 26 Classification of Energy Storage Based on Storage Mechanism
Another way of classification is based on storage concept, as show in Figure 27. In a single
medium storage system, HTF is also used as thermal storage medium (There is no heat exchange
between HTF and thermal storage medium). Therefore, this system is also called direct thermal
storage. This system is further divided into single-tank and two-tank systems, based on the
number of tanks used to store HTF. In two-tank systems, hot HTF is stored in one tank, and cold
HTF in the other. In contrast, in a single tank system, hot and cold HTF are separated because
the difference in their density in the same tank, with hot HTF on top and cold HTF at the bottom
of the tank.
In a double medium storage system, the storage medium does not circular in solar field.
Instead, thermal energy from HTF will be passed to the storage via an exchanger. Therefore, it is
also called indirect thermal storage. It can also be further divided into single tank and two-tank
systems similar to those in the single medium storage system.
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Figure 27 Classification of Energy Storage Based on Storage Concept
To date, latent heat storage, which relies on phase change materials like NaN03, KNO3,
and KOH, has limited success in low temperature storage systems (below 1000 C)[68]. Chemical
storage is also at its early stage and no viable prototype exists yet [67]. Therefore, in the next
section, we will focus only on sensible heat storage system. Of course, these systems can be
divided into double medium and single medium systems based on storage concepts.
3.3.2 Indirect Thermal Storage
The first SEGS plant used mineral oil (Caloria®) as HTF. At the mean time, this HTF is
also used for heat storage in a two-tank system-one tank stores cold oil, and the other contains
hot oil. This helps the plant to generate electricity to meet peak demands when solar radiation is
week or unavailable. However, the mineral oil is very flammable, especially at high temperature.
This system was destroyed in a fire accident in 1999 [14].
The mineral oil is not suitable for later SEGS plants, which operates at higher temperature
of nearly 400 'C. Caloria becomes gas above 315 0C at 1 atm. To meet the high temperature
requirement of more advanced parabolic trough power plants, a few possible materials have been
identified [69].
Page 46 of 173
3.3.2.1 Indirect Two-Tank Molten Salt
Indirect two-tank molten salt system is quite similar to the two-tank mineral oil system used
in SEGS I. However, a mixture of 60% sodium nitrate (NaN03) and 40% of potassium nitrate
(KN0 3) is used as thermal storage medium.
Oil to Salt Heat Exchangers
cold Salt Hot Salt
Pump - Pump
Cold Salt Tank Hot Salt Tank
Figure 28 Indirect Two-Tank Molten Salt Thermal Storage System
A typical design of two-tank indirect thermal storage system is shown in Figure 28. As can
be seen from this figure, a heat exchanger is built between a cold and a hot salt tank. As hot HTF
flows through this heat exchanger, heat is transferred to cold salt flowing through the exchanger.
The heated salt eventually flows into the hot salt tank. When solar radiation is not available, the
salt is pumped in the reversed direction and heat up the HTF flowing through this system. The
salt temperature oscillates from 292 to 3840C between the two tanks [68].
A few studies have been done on this technology. The findings show that in a near term,
indirect two-tank molten-salt system has a relatively low risk and represents the state of art
thermal storage technology. The cost for a 2-hour thermal storage system in an 80 MW power
plant costs about $41/kWht [70]. Since the heat exchange system dominate the cost, by building a
larger salt tank and providing longer time thermal storage, this cost per kWht can be brought
down. According to Nexant, the capital cost of a 688 MWht two-tank molten salt system to be
about $31/KWht including nitrate salt inventory, installed tanks, and a oil-to-salt heat exchanger
[71].
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33.32.2 Solid Medium Storage
For solid medium storage materials, a few thermo-physical properties-density p, specific
heat capacity c., thermal conductivity k, coefficient of thermal expansion (CTE), cyclic stability
during charging and discharging, as well as availability and cost- play a very important role. A
high heat capacity (p * cp) reduces the system volume. A higher thermal conductivity increases
the system dynamics. The CTE of the storage medium must be matched to the CTE of other heat
exchange structures embedded in the thermal storage system [66].
Concrete
Concrete has been proposed as a thermal storage medium. In this design, an array of pipes
is built through the concrete. As HTF passes through these pipes, heat charge or discharge is
carried out. Cost of this system on a commercial scale is expected to be around $26/KWht.
However, the largest uncertainty is the long term stability of concrete materials under frequent
thermal charging and discharging.
An experimental concrete thermal storage unit of about 280 KWh has been built in Spain.
The concrete is made of blast furnace cement as binder, iron oxides as aggregate, and other
auxiliary material. The operation result at 3250 C looks promising, but high temperature testing at
3950 C is still required to justify its use with current parabolic trough power plants [66].
Castable Ceramic and Other Solid Media
Castable ceramic containing Al 2 03 with other aggregates (e.g. iron oxides) is also
considered as thermal storage medium. The heat exchanger system is similar to that for concrete.
The properties of both the concrete and the castable ceramic are shown in Table 8.
Table 8 Properties of Solid Thermal Storage Materials Developed in DLR 1661
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Experiment has proven that the castable ceramic has about 20% higher heat capacity and
about 30% higher thermal conductivity. However, concrete is so far the favorable solid thermal
storage medium, due to its low cost, high strength and ease of preparation.
Other solid medium, such as NaCl (solid), cast iron, cast steel, silica fire bricks, magnesia
fire bricks, were also studied. However, they are not as competitive as concrete, mainly due to
the cost [72].
3.3.2.3 Thermocline Storage
In thermocline storage, only one tank is used to store thermal energy. This tank has a size
slightly larger than one of the tanks used in a two-tank system. A low-cost filler material, such as
quartzite and silica sand, filled up most part of the tank and works as a primary thermal storage
medium, and molten nitrate salt filled the rest void. With both hot and cold fluid in one single
tank, the thermocline storage relies on thermal buoyancy to maintain the stratification of hot and
cold layers. The region in between the hot and cold region is called thermocline. During
discharging of the operation, hot salt on top of the tank is pumped out to heat HTF and returned
to the bottom of the tank after cooling down. This flow is reversed in the charging process.
Thermocline storage with a designed capacity of 2.3 MWht has been built for a pilot-scale
test. The schematic of this test site is shown in Figure 29 . This experiment demonstrates that this
storage has a thermal efficiency of about 94% and is a feasible option for thermal storage in a
parabolic trough plant.
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Figure 29 Schematic of the 2.3 MWh Thermocline Flow Loop 1731
Since the design of thermocline storage system is much simple. Its cost is also much lower
by about 35% compared to two tank systems [74].
However, the temperature difference between the hot and cold layer in this tank is only
about 600C (from about 310 0 C to about 3700 C). "For this reason, the thermocline storage system
seems to be best suited for applications with a relatively small temperature difference between
the hot and cold fluids. [14]" Moreover, when HTF of synthetic oil is used in exchanger to heat
up the salt, cautions must be taken to prevent any oil vapor leakage into the tank filled with
oxygen in voids [73].
3.3.3 Direct Thermal Storage
Previously mentioned thermal storage methods all involves heat exchange between HTF
and thermal storage medium. Therefore, they all belong to indirect storage systems. In a direct
thermal storage system, HTF is also used for thermal storage.
3.3.3.1 Molten-Salt HTF
One example of this system is molten-salt HTF. By eliminating the heat exchange, the
direct thermal storage system does not require the construction of heat exchanger, thus lowering
the system cost. Moreover, the storage thermal efficiency is expected to be improved as well.
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However, the primary limitation of this technique is the high melting point of salt. The
lowest temperature molten salt available at reasonable cost is Hitec XL, a eutectic mixture of 40%
NaNO2 , 7% NaNO3 , and 53% KNO3. Hitec XL freezes at about 1200 C. Careful control must
be taken to prevent freezing of Hitec XL.
In addition, while molten salt can operate at high temperature thus potentially improve
thermal efficiency of the heat storage and steam generating system, a higher HTF temperature
also means more thermal leakage at solar field, and more corrosive damage to the solar receiver
coatings. More advanced receiver technology is required to implement molten salt HTF.
Overall, however, initial testing results of direct molten-salt HTF seems encouraging. When
used in a direct thermocline system, it achieves the largest cost reduction, with a cost of only
$11 /kWht, about half of the cost for an indirect thermocline storage system.
3.3.3.2 Organic Molten-Salt HTF
The development of organic molten salt as both HTF and thermal storage medium is also
under way. Organic molten salt is similar to inorganic salt in many ways. However, they have
much lower freezing temperature. In addition, by synthesizing organic molten salt with different
chemical compositions, their attributes can be adjusted. Ideal characteristics include low melting
temperature, high stability at high temperature, low corrosivity, good thermal transfer properties
[74].
Bringing down the cost of organic molten salt will be a key issue for future research.
In sum, in a near term indirect two-tank molten salt will be a favorable option for its low
cost. However, in a long term direct thermal storage is still required to offer higher thermal
efficiency at a low cost.
3.4 Process Design Development
3.4.1 Direct Steam Generation (DSG)
DSG refers to the generation of steam in solar field. This steam is then transferred to turbine
motor to produce electricity. In this entire process, no heat exchange between HTF and water is
required to make steam. Therefore, DSG could offer a much higher efficiency, by eliminating
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energy loss during heat exchange, operating at higher temperature and pressure, and reducing
pumping parasitic.
It is likely that DSG will lower down the overall power plant cost. The additional cost for
building a large solar field capable for high pressure operation can be offset by the savings from
eliminating the heat exchange system and associated circuits, such as fire extinguishing system,
oil expansion tank etc. One early study predicts a 7% increase in annual performance, 9%
decrease in power plant cost, and an overall 10% reduction in solar levelized cost of energy from
DSG. A later test site was built and had proven the feasibility of DSG based on LS-3 collector.
However, the increase in solar-to-electric conversion efficiency is still too low. Maintenance and
safety issues in a large DSG solar field are also seriously concerned by the industry.
Nevertheless, in a long term, DSG technology is likely to replace current steam generation
process and generate electricity at a lower cost.
3.4.2 Other Process Development
Parabolic trough technologies are also considered to be integrated with other power plants,
such as conventional gas fired power plant (integrated solar combined-cycle system) and
geothermal power stations (organic ranking cycle power plant).
In an integrated solar combined cycle system (ISCCS), solar field will be built and produce
steams in additions to those generated from burning fossil fuel. To accommodate this
supplementary steam from solar energy, a larger steam turbine is required in the power plant.
However, when solar radiation is not available, the turbine has to run under its capacity at a
lower efficiency. Although ISCCS could lower down the cost of building a parabolic trough
power plant(below $0.10/kWh [75]), it is not clear if the economic incentive is worth the risk in
integrating parabolic trough technologies in fossil fired power plants. Furthermore, due to
limitations like solar and land availability, the market size of this technology is likely small.
Another technique is to build parabolic trough solar field around a geothermal power plant.
Geothermal power plant typically makes use of Organic Rankine Cycle in generating electricity.
"The Organic Rankine cycle (ORC) is named for its use of an organic, high molecular mass fluid
with a liquid-vapor phase change, or boiling point, occurring at a lower temperature than the
water-steam phase change. The fluid allows Rankine cycle heat recovery from lower temperature
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sources such as industrial waste heat, geothermal heat, solar ponds, etc. The low temperature
heat is converted into useful work that can itself be converted into electricity.[76]" The ORC
system operates at lower temperature and requires lower cost. It also consumes little water. By
integrating solar filed in ORC system, the geothermal power plants can increase their operating
temperature, thus significantly improving its efficiency and reducing the electricity cost. The
reduced cost is about $0.20/kWh [14]. Yet, it is still much more expensive than the electricity
from SEGS.
Among all these three process designs; DSG is one promising option to further increase the
efficiency of parabolic trough plants. The rest two aims to enhance the performances of other
power generation techniques, relying on parabolic trough technologies. They will not have large
impacts on the continuous advance on parabolic trough technologies.
3.5 Summary
The first section of this chapter introduces solar collector, which is responsible for tracking
sun path and concentrating solar radiation. A solar collector consists of a supporting structure,
solar mirrors and receivers. Since the introduction of Luz-2 supporting structure in the Solar
Energy Generating System, the supporting structure has been continuously optimized with better
optical efficiency and lower cost. Typical models include EuroTrough and SolarGenix
concentrator; for solar mirrors, a few new materials and structures have been proposed to reduce
mirror cost. Skyfuel recently introduced its silvered polymer reflector into the market. However,
so far traditional thick glass is still dominating the market, because of its excellent optical
properties and reliability. The progress in receivers has been quite encouraging. There are now
two main players in the receiver market, namely Solel and Schott. Their receivers have radiation
absorptivity of more than 95%. So far no new technology could challenge the performances of
Sole and Schott receivers.
In the second section, heat transfer fluid (HTF) materials are briefly covered. Synthetic oil
is largely used in solar field to collect thermal energy at receivers. However, this oil cannot
operate at temperature above 4000 C. It is likely to be replaced by molten salt in the future.
Molten salt has higher operation temperature and could further improve the energy conversion
efficiency in a parabolic trough power plant.
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Thermal storage is discussed in the third section. A number of thermal storage techniques
and related materials are reviewed in this section. From this review, it is found that indirect two-
tank molten salt represents the state of art technology for thermal storage today, while others are
still under testing or research. In the future, if molten salt is used as HTF, direct two-tank molten
salt storage could be adopted to lower down the cost of thermal storage.
In the last section of this chapter, recent progress in plant process design is briefly covered.
It is found that direct steam generation in solar field may be a viable option to enhance the solar-
to-electric efficiency in the future.
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Chapter 4. Economic Assessment of Parabolic Trough Power Plant
Technologies
With heavy R&D research in 1970s, a few solar thermal power plants based on different
technologies have been built since 1980s around the world. The most famous one is probably the
Solar Energy Generation System (SEGS) located at Kramer Junction and Harper Lakes in
California. With a cumulated capacity of 354MW, a total of 9 parabolic trough power plants
were built for SEGS by 1991 [77]. These plants were built because of favorable power purchase
agreements and tax incentives. When these incentives were terminated in early 1990s, no more
commercial plants are built in U.S. till early 2000s.
Suspicions about the cost and feasibility of constructing large scale solar thermal power
plants are raised along the development of parabolic trough power plant technologies. On the
other hand, many supporters strongly believe that this technology has a huge potential to reduce
its electricity cost and directly compete with fossil fuel generated electricity in a long term.
However, at this stage, it is a consensus among the industry and research community that
parabolic trough power plants represent the most economic solar thermal technology [24, 78].
We will start this chapter by reviewing the major assessments performed on solar thermal
power plants and draw useful data from these reports. After that, an economic model will be
developed to calculate the electricity cost of a parabolic trough plant. Hence, the electricity price
for a plant in Singapore will be derived. Based on these results, we will further evaluate the
market potential of this technology and forecast its market growth in the next few years.
4.1 A Quick Review of Major Assessments on Parabolic Trough Power Plant
Technology
4.1.1 NRC 2000 Report
National Research Council (NRC) assessed the market potential for Concentrating Solar
Power (CSP) in 2000. In this model, no government incentives were included. This study
concluded that the likelihood of major technology breakthrough was small due to lack of
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interests from the private investment. In view of the fact that no commercial solar thermal plant
was built from 1991 to 2000, this report was quite pessimistic about the future of CSP
technologies. As a result, the R&D fund from NRC allocated to CSP technologies reduced
significantly since 2003 (but still more than the requested amount), as shown in Figure 30.
Figure 30 Budget for CSP from DOE 1791
4.1.2 DOE's 2002 Report
In response to the NRC report, DOE issued another report and concluded that with
government incentives the cost of electricity from solar thermal power plants would be reduced
to as low as $0.06/KWh in the next 10 to 20 years. DOE believed that solar thermal technology
was a viable option for renewable energy.
In this report, DOE calculated the incentives required for developing 1000 MW of solar
thermal plants. It was estimated that 1.5 to 2 billion dollars of incentives over 14 years is
required to achieve this goal.
However, both DOE and NRC reports agreed that government intervention was necessary
to further deployment of CSP technologies.
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4.1.3 Sargent and Lundy Report 2002 and 2003
To resolve the conflicting conclusion of NRC and DOE reports, Sargent and Lunday (S&L),
a consulting firm, was hired to conduct a "due-diligence-like" analysis on parabolic trough and
power tower solar technology cost and performance, by working closely with NRC.
After its first draft (2002) was reviewed by NRC, S&L published the final report in October
2003. Both NRC and S&L agreed that cost of solar power could be substantially reduced if large
scale deployment can be realized. This price estimation was shown in Figure 31. In this figure,
the Sunlab model represented the best case analysis assuming 4.9 GW of parabolic trough plants
would be built by 2020. S&L model was for the worse case analysis, assuming a total of 2.8 GW
installed capacity. This report concluded that the price of solar electricity would be between 4.3
to 6.2 cents per kWh by 2020, provided that at least 2.8GW parabolic trough plants were built.
The reduction in price was from technology advance (54%), economy of scale (20%) and
volume production (26%).
While NRC agreed with S&L's conclusion, NRC believed that S&L's deployment rate was
too optimistic. NRC also agreed that a large technology progress had been made since it
published its report in 2000. Lastly, both NRC and S&L again concluded that government
incentives were necessary for the development of CSP technologies.
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Figure 31 Estimated Electricity Price of Parabolic Trough Solar Technology 1801
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4.1.4 West Governor's Association Report 2005 [81
The Western Governors' Association (WGA) report provided an assessment of the potential
impact of CSP technologies. It found that the electricity cost of CSP plants could be fewer than
10 cents per kWh. Moreover, because of the abundant sunshine in Southwestern U.S., a total of
6,800 GW of electricity could be generated relying on solar energy alone. In comparison, current
total electricity generation capacity in U.S. is about 1,000G. However, this figure only indicates
the size of the solar resource, not means that it is practical to build so many solar power plants.
This report also pointed that the development of CSP plants could create more economic
incentives. "Using California as an example, building 4 GW of CSP plants in that state will inject,
relative to installation of gas-fired plants, over $22 billion into the gross state output,
approximately 13,000 construction jobs and 1,100 permanent operation jobs, and an additional
$2 billion to tax revenues. [81]"
4.1.5 In a nutshell
A common conclusion from all above reports is that the cost of solar electricity from CSP
plants can be reduced only if a large capacity of such plants is installed with government
incentives. In the worse case of S&L's model, 100 MW of parabolic trough plants was installed
every year from 2004 to 2010. However, from 2003 to 2009, only one large CSP plant project
(greater than 10 MW) was finished in U.S. That is the Nevada Solar One of 64 MW completed in
2006. On the hand other, the development of CPS plants in Spain is very fast. Figure 32 shows
install capacity of CSP plants in Spain. As illustrated in this figure, as of April 2009, 81 MW of
CSP plants have been in operation with another 839 MW under construction. Most of these
plants are based on parabolic trough technologies [82, 83]. The surge of the installed capacity,
however, does not mean a great leap in technology development.
Both the installed capacity and related technology progress deviates from S&L's
predication in 2003. Hence, it is necessary to re-evaluate the electricity price from parabolic
trough power plants in order to assess its market potential.
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Figure 32 Total Installed Capacity of CSP Plants in Spain 182j
4.2 Electricity Price Calculation
In this section, a detailed cost model of a 100 MW parabolic trough power plant with 6
hours of thermal storage is developed with the help of SAM, a piece of software developed by
NREL for evaluating solar electricity cost [84].
A few key assumptions in this model are summarized below.
Technology/Equipment in Use:
* Solar Collector: Solargenix SGX-1
* Receivers: Solel UVAC3
* Heat Transfer Fluid: VP-1
* Thermal Storage: Indirect 2-tank molten salt thermal storage
* Turbine: Ranking turbine with wet cooling
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In operation: 81 MW
In construction: 839 MW
In development (close to construction starting) 2, 083 MW
Proposed (in early permittig stage) 7, 830 MW
Total under development 10,813 MW
Additional (Have paid the grid connection fee) 3,418 MW
Total all potential projects in Spain (April 2009) 14,231MW
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Other Design Parameters:
* Solar Power Plant Lifetime: 30 years
* Climate: Daggett, California (average daily DNI: 7.2 kWh/m 2)
* Solar Multiple: 2.0
* Rated Turbine Net Capacity: 100 MWe
* Turbine Efficiency: 37.7%
* Solar Field Temperature: 2930 C (inlet) and 391'C (outlet)
* Power Plant Availability: 94%
Capital Cost:
Table 9 Capital Investment for a 100 MW Plant in SAM
Site
Improvement
Solar Field 886,985.80 m2 300 $/m2 $266,095,740
HTF System 100,000 MWe 150 $/We $15,000,000
Storage 1,748,808 MWht 40 $/Wht $69,952,305
fossil Backup 100,000 MWe 0 $/We $0
Power Plant 100,000 MWe 850 $/We $85,000,000
Contingency 8.4 % $36,851,556
Engineer,
procure,
Contract 16% of Direct Costs $76,089,689
Project, Land,
Indirect Miscellaneous 3.5% of Direct Costs $16,644,620
Sales Taxes
7.750% applies
to 80% of Direct Costs $29,484,755
Total Indirect Costs $122,219,064
Total Installed Costs $597,779,622Total Installed
Total Installed Costs Per Capacity($/kW) $5,977.80
Escalation
First Year Rate*
Operation and Maintenance Fixed(per
Costs capacity) 50 $/kW-yr 0%
Variable(per
production) 7 $/MWh 0%
inflation
above
Financials:
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886,985.80 $/m2 $2.660957
$475560558Total Direct Costs
* Type of Financing: IPP and Utility
* Load (Debt) Fraction: 40%
* Interest Rate: 8% over 20 years
* Federal Tax: 35%/year
* State Tax: 8%/year
* Sales Tax: 7.75%
* Minimum Required Internal Return Rate: 15%
* Government Incentives: 30% Investment Tax Credit
The simulation shows that the total required capital investment is $597.8 M. The fraction of
each component in the total investment is shown in Figure 33. It is found that $266 M goes to
solar filed-the largest cost component in this model.
Present Value 0 Present Value
and M Ins and Prop
9% ax
5%
Contingency HTF System
5% Fossil Backup 2%
0%
Figure 33 Cost Model of a Parabolic Trough Power Plant
With an annual electricity output of 364.6 MWh at a net solar-to-electric efficiency of
14.7%, the simulation also shows that the Levelized cost of energy (LCOE), the electricity cost
considering all factors involved in the generation process, is $0.139/kWh (nominal value) as
shown in Figure 34 with 30% Investment Tax Credit.
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However, in this model, it is assumed that water is available for cooling during the turbine
power generation. When drying cooling is used, the cost of electricity will be further increase.
For example, by changing water cooling to drying cooling in our model, the nominal LCOE with
30% ITC will increase from $0.139/kWh to $0.147/kWh, or by near 6%. Some report predicted
this additional cost could be as high as 8-9% [85].
Moreover, in our model, the climate of Daggett is used to calculate solar radiation falling in
the solar field. The annual average direct normal solar radiation in this region is about 7.2 kWh/
m 2 /day [86]. Since the electricity output is roughly proportional to solar radiation, a lower solar
radiation will substantially increase the electricity cost. For example, in regions with daily
average normal radiation of 6 kWh/m 2 , the price will reach approximately $0.167/kWh.
This means than at current stage, the cost of solar electricity from parabolic trough power
plants remains expensive. In contrast, the price of electricity from fossil fired plant is around
$0.08/kWh in whole sale market.
Nevertheless, there is also a large room for further cost reduction. The net solar-to-electric
efficiency in SEGS VI was 10.6% in 2003 [87]. In 2009, according to typical industrial
performances listed in SAM, the overall efficiency in a parabolic trough power plant has been
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increased to nearly 15%. If we assume 17% efficiency by 2015, and a conservative cost
reduction of 10% due to volume production and another 10% due economy of scale in large
power plant, the overall LCOE will be reduced from $0.139/kWh in this model to less than
$0.10/kWh by 2015.
4.3 A Potential Competitor - Concentrating Photovoltaic (CPV)
Another popular solar power technology is photovoltaic (PV), which is based on charge
separation excited by solar radiation. PV and CSP technologies share many common
characteristics, such as reducing green gas emission. However, compared to solar thermal
technologies, PV has its own advantages:
* Suitable for both small and large scale power generation (e.g. PV panels can be
installed on rooftop; solar farm can be built in rural area with abundant sunshine)
* Direct solar to electric conversion and potentially have higher efficiency
* Does not require water cooling
* Make use of both direct and diffusive radiation
* Respond more quickly when sun returns in a cloudy day
Probably because of its wide application, much more efforts have been done to the PV
development. This can be reflected in Figure 35 cited from [88].
Solar Energy Technologies Funding, FY01 - FY09*
250
200 ...... Concentrating Solar Power
* Photovoltaic Energy Systems
15so Increase
for SAI
9100
50 -
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*President's request for FY09 was $150M, current House mark is $220M, current Senate mark is $229M. 5
Figure 35 Research Fund Allocation for Solar Energy
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In parallel to the heavy research efforts, PV market is also booming. Figure 36 shows
annual shipment of PV panels in the world. A dramatic increase in recent year is observed. This
is partially driven by high oil price between 2005 to the mid of 2008, and increasing concern
about global warming. This increase is also partly due to the decrease of PV cost over years.
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Figure 36 Worldwide PV Shipment from 1990 to 2007189
However, the cost of PV electricity remains high, compared to solar thermal technologies.
Using the default setting in SAM (Version 3.0.0.0), but choose the same operation region with
previous parabolic trough power plant-Daggett in California, the LCOE of a commercial flat
plate system, with a capacity of 209.5kWdc, is as high as $0.201/kWh after 30% ITC. This price
is more than 40% higher than that of a CSP plant. When small PV systems are used for
household application, this price can be even higher, to about $0.30/kWh. Major assumption in
this calculation includes:
* Module cost: $4.84/W
* Inverter cost: $0.71/W
* O&M cost: $17.59/kW-year
* Module Efficiency: 12.5%
Page 64 of 173
To reduce the cost of PV panels, a few strategies have been adopted. The first one is to
reduce the amount of semiconductor materials used in making PV. Many manufacturers are
thinning their silicon wafer. The second strategy is to use thin film coating on a cheap substrate,
such as glass. The last one, who could to be competing technology to CPS plants, is
concentrating PV (CPV)[90].
CPV uses concentration optics to focus sun light onto PV panels to increase its electricity
output. Other than the common attributes of PV, the tracking structure and focusing optics of
CPV also imply a higher electricity output per kW installed than fixed flat plate PV. However,
the optics works well only for direct normal radiation, and is not effective for diffusive radiation.
The optics can be designed for either low or high concentration. For low concentration as
illustrated in Figure 37, silicon or other low cost cells are used. The concentration ratio is in
general less than 100. For high concentration ratio of more than 100, high efficiency cells like
III-V compound semiconductor or multi-junction cells are used. The overall cost per watt can be
reduces if the cost of the small cells is a small fraction of the total cost. A high concentrating PV
module is shown in Figure 38.
Figure 37 Several 35-kW Amonix modules installed in an Arizona Public Service Power Plant 1911
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Figure 38 Several 25-kW Solar Systems Modules in Australia 1911
For low concentration CPV technology, the concentrating optics reduced the amount of
silicon needed per watt in solar systems. Therefore, it is possible to developed low cost and large
scale power plant [90]. Compared to mature silicon technology, the fabrication of advance
multiple junction III-V PV cell is still at its early stage [92]. However, with high concentration
ratio, such cells could have efficiency of about 40%. This high efficiency will substantially
reduce the electricity cost, especially in sunny areas.
Main challenges faced by CPV technologies are to improve PV's long term reliability and
stability, especially at high temperature. Another challenge for CPV technology is to largely
reduce its cost. In 2009, the cell, module assembly, inverter and installation each is
corresponding to about US $3/W, $2/W, $1/W and $3/W, respectively. The CPV roadmap drawn
by the solar initiative programs, a federally-funded solar energy technology program is aiming to
reduce this total cost to $3-5/W by 2015, or a LCOE of $0.07-0.08/kWh. While this projection
is likely to happen, tremendous efforts must be taken to achieve this goal [92]. In 2008, more
than 1 MW of CPV has been installed [89].
Using a CPV template, current electricity cost from CPV plants is calculated by SAM. The
simulation result shows that its electricity price is about $0.188/kWh in a 10MW plant with 30%
ITC, which is much higher than the price from parabolic trough technology. Note that we assume
the conversion efficiency is 30%. In practice such high efficiency is hardly achievable at this
moment. This indicates that CPV electricity can be even more expensive.
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Major cost assumptions in this cost model are listed in Table 10. Key
includes 15% internal return rate and 7.5% real discount rate.
Table 10 Cost Breakdown for a 15 CPV Plant
Module $ 41,300,000.00
Inverter $ 6,918,400.00
Installation $ 5,500,000.00
Direct Cost $ 53,718,400.00
O&M Cost $ 1,074,368.00
Total Cost $ 54,792,768.00
Total Installed Costs per watt 3.65
financial assumption
However, as solar thermal plant has to be of large scale, CPV plant can secure its market
segment in solar power plants with capacity on the order of 10MW or less. As its cost goes down,
it may directly compete with solar thermal plant in the capacity range between 10 M to 100 MW.
This market segment relationship is described in Figure 39
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Figure 39 Market Segments of Different Solar Technologies 1931
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4.4 A Niche Market for Parabolic Trough Power Technology
4.4.1 The Niche Market
From the discussion above, we can summarize a few attributes of parabolic trough power
technology:
Pros:
* Low cost compared to other solar technologies
* Proven technologies with relative large scale deployment and operation experience
* Less intermittence with thermal storage or other backup power source, like fossil
fuel
* Direct AC power generation, and compatible to conventional power grid
Cons:
* High initial capital cost, and only suitable for large scale central power generation
* Utilize only direct normal radiation
* Requires cooling
* Usually built in rural areas due to vast land requirement, thus need transmission
lines
With many merits, especially its relatively low cost, we can foresee a large market size for
parabolic trough and potentially other CSP technologies. However, to minimize the negative
impacts of its weakness, CSP technology can only target a certain segment of the market. Ideally,
this market should meet the following criteria:
Geographically:
* This location must receive an average daily direct normal radiation of at least 5.5
kWh/m2, and preferably exceed 7.5 kWh/m2[94]. This means that the sky must be
clear and without much cloud most of the time.
* This location is usually in rural areas with a small land slope (to reduce construction
cost), preferably near to water resource and transmission line (to reduce operation
cost).
Therefore, the most promising areas for CSP plants are located in the South-western United
States, Central and South America, North and Southern Africa, the Mediterranean countries of
Europe, the near and Middle East, Iran and the desert plains of India, Pakistan, China and
Australia.
Page 68 of 173
Financially:
* The local government must have active environmental policy to promote the
development of the renewable energy.
* There must be strong financial support to solar technologies in terms of incentives
and bank loans.
Therefore, we can further zoom in the major targeted market for solar technologies into
developed countries at current stage. It is likely that in a near term, the main market for CSP
plants will be in Mediterranean countries, South-western United States, Australia and Israel. The
penetration rate in other areas may rise as the cost of parabolic trough technologies continues to
drop.
4.4.2 A Quick Review of Major Markets
With these criteria, it is notice that south-western US could be the largest potential market
for parabolic trough technologies. Table 11 shows that a total of about 53K square-miles of land
in these states are available for a generating capacity of about 6800 GW. These lands are selected
based on the following criteria:
* Only lands with an average daily solar resource of 6.75 kWh/m2 or above
* 500 contiguous acres of land minimum
* Land with 1 percent or less slope
* Excluded designated urban areas, national parks, national preserves, wilderness
areas, wildlife refuges, or water
Table I I Potential Solar Capacity in South-western States (cited from 1951)
AZ 19,279 2,467,663 5,836,517
CA 6,853 877,204 2,974,763
CO 2,124 271,903 643,105
NV 5,589 715,438 1,692,154
NM 15,156 1,939,970 4,588,417
TX 1,162 148,729 351,774
UT .3,564 '456,147 1 ,078,879 '"
Total 53,727 6,877,054 17,165,609
The most important environmental policy in the south-western States is the Renewable
Portfolio Standards (RPS), which requires a certain percentage of the electricity in these states
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must be generated from renewable energy as shown in Table 12. Although the renewable energy
is not necessary to be from solar, this policy creates one large potential market space for the
growth of parabolic trough power plant technologies.
Table 12 RPS Requirement in South-western States(cited fromr951)
California 20% by 2010
Nevada 20% by 2015, 5% Solar
New Mexico 10% by 2011
Texas 5,880 MW( -4.2%) by 2015
In addition, the States also extended the 30% federal investment tax credit to solar energy
installations for 8 years to 2016[96], which has led to a series of CSP projects. In 2007, Nevada
Solar One went online with a capacity of 64MW purely based on solar power. In Quarter 1 of
2009, in California alone a combination of 660.8 MW of parabolic trough plants was on schedule
of construction, and another 900MW capacity is pending for approval [97].
Another rapid growing market of CSP plants is in Spain. In this Mediterranean country
solar thermal electricity producers receive a feed-in tariff of EUR 0.27 per kWh for 25 years
from utility companies, which can well cover their cost. In comparison, the average price of the
electricity in the Spain's wholesale market is about EUR 0.07 per kWh. This feed-in tariff is the
primary incentive to promote CSP developing in the Spain market. With this generous
governmental subsidy, a large number of CSP plants were under construction or planned in 2008.
Spain is expected to have more than 2000 MW CSP plants by 2011 [82]. Most of them are based
on the parabolic trough technology [98-100].
In Sep 2008, Spain cabinet placed a cap of 500 MW solar power plant installations for Year
2009 and 460 MW for Year 2010 for developers to get entitled the government subsidizes. This
cap is in response to the overwhelming increase in CSP development since 2008. The Spanish
market has shown that solar energy especially CSP is heavily dependent on a favorable
regulatory environment in terms of feed-in tariffs to compete with conventional power plants.
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Nevertheless, the capacity of CSP plants is expected to grow due to scheduled projects in Spain
[98-100].
4.4.3 Market Size
Based on the projected growth in electricity generation capacity and the RPS requirement in
different states[101], the projected capacities of CSP plants (parabolic trough design) in south-
western States is about 2.36 GW as shown in Table 13. The renewable energy ratio is adjusted
according to the RPS plan.
Table 13 Projected Parabolic Trough Power Plant Capacities in U.S. by 2015
California 11600 2.50% 0.50% 1.45
Arizona 6100 0.50% 0.30% 0.0915
Nevada 5100 2.00% 0.40% 0.408
New Mexico 4300 1.00% 0.30% 0.129
Colorado 5300 1.00% 0.30% 0.159
Total 32400 2.2375
While the Spanish government is trying to control the overwhelming response in
constructing CSP plants, the capacity of parabolic trough power plant in Spain by 2015 is
expected to be close to 1.8 GW based on announced construction plans (we assume a total CSP
capacity of 3 GW and 60% of them are based on parabolic trough technology).
The total capacity worldwide by 2015 is estimated to be around 4.5 GW. This number could
be doubled by 2020. Furthermore, the growth of other CSP technologies is also expected. The
total capacity of all CSP plants based on different technologies has been predicted to be 12 GW
by 2020 in [93].
4.5 Implementation Strategies
There are no major patent barriers in parabolic trough technology. The first parabolic
trough patent was filed in Egypt in 1907, as shown in Figure 40. The first commercial parabolic
trough power plant -SEGS I-started its operation in 1980s. Since then, most patents related to
this industry were expired. There are no major entry barriers created by patents in this field.
However, advanced manufacturing technologies of major components are controlled by only few
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major companies like Solel and Schott in receiver, and Flabeg AG in mirrors. The research in
advanced heat storage and heat transfer fluid etc. is still in progress in various research labs or
companies.
Figure 40 Parabolic Trough Patent Filed In Egypt in 1907
4.5.1 Government Incentives and Regulations
The cost of solar electricity is still very high, and government incentives are essential to
implement CSP technologies at this stage. Along with the States' plan and law enforcement to
develop renewable energy, it is possible for CSP developers to get more incentives (including
feed-in tariff, tax credit, loans and regulations) from the government.
At the mean time, RPS enables CSP plant operators more bargain power towards electricity
purchasers. As the solar electricity is usually sold during peak hours, its price in wholesale
market should be reasonably high as well.
4.5.2 Selection of Locations
Many locations in south-western States have very rich solar radiation. To further minimize
the cost from dry cooling and building transmission line, CSP developers should consider sites
with water supply and near to transmission lines.
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Figure 41 Solar Radiation and Transmission Line Map in south-western States
As shown in Figure 41, many sites with strong solar radiation are near power transmission
line. However, Figure 41 did not consider the land ownership, road transport etc. Nevertheless,
CSP developers still have a wide range of choices in selecting good locations.
4.5.3 Large Scale Effect and Integration in Supply Chain
Building a CSP plant requires a huge amount of initial capital investment. As shown earlier,
a 100MW plant with 6 hour heat storage costs nearly $600 million. Such high capital is
affordable only to large companies.
On the other hand, along with the rising of CSP technologies, many more companies are
entering this market. This huge capital is likely to cause large scale production, thus bringing
down the cost. Moreover, the series competition could lead to merge between companies or even
change the structure in the supply chain.
To further cut down the cost and enjoy more profit margins, component suppliers to CSP
plants like Solel, Schott, and Acciona could probably directly involve in constructing CSP plants,
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using their own products. Partnership can also be built in this process through collaboration to
further bring down the cost.
Solar CSP Solar CSP
Installed (MW) Planned (MW)
Wind Capacity
4,840j
Iberdrola FPL Energy Acciona EDP Endesa Enel
Figure 42 Wind Power Companies and Their Planned CSP Market Projection 1191
"It comes as little surprise that the largest owners of wind power plants globally are
emerging as significant players in the CSP sector". These participants include U.S. based FPL
Energy, Iberdrola and Acciona in Spain. Figure 42 shows the installed and planned CSP
capacity by a few wind power companies.
In this early stage of CSP industry, there are still numerous challenges to be conquered.
Therefore, "the mostly likely candidates to successfully clear the hurdles are those that have
developed large scale projects, have deep pockets, and are capable of weathering regulatory
uncertainty. The leading wind IPPs and utilities are expected to continue their renewable growth
by moving further into the solar CSP industry. " [19]
4.5.4 Research for Cost Reduction
Between 1990 and 2000, there was little development in CSP plants. This industry enters a
booming period since 2006 (especially in Spain because of the attractive feed-in terrify). While
the capacity of CSP plants increases dramatically, most of them are still relying on technologies
from the old SEGS.
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Research, especially in heat transfer fluid and thermal storage, is relatively stagnant before
2006. As NREL and many companies have been pumping more research fund into this industry,
it is expected that higher temperature operation and higher efficiency will be achieved in CSP
plants soon.
4.6 Parabolic Trough Technology and Singapore
In this section, we will analyze the feasibility of implementing parabolic trough technology
in Singapore.
4.6.1 Solar Radiation
From previous discussion in this report, it is concluded that parabolic trough power plants
should be built in area with rich direct normal insolation (DNI). Strong DNI is required to
minimize the electricity cost.
Unfortunately, although Singapore has a relatively rich sunshine compared to many other
countries, the average radiation in the past 15 years is about 1610 KWh/m2 per year or only
4.41 KWh/m 2 per day in Singapore [102]. In addition, diffuse radiation consists of more than
40% of the total radiation [103]. This means that the average daily DNI in Singapore is only
about 2.65 kWh/m 2. Though by using tracking collectors, this value can be increased by facing
the collectors towards sunshine; such increase will not be significant in a low latitude country
like Singapore.
Since the electricity output of a solar power plant is roughly proportional to the solar
radiation it receives, the electricity cost is approximately inversely proportional to the solar
radiation. As calculated in early section, the LCOE of solar electricity is about $0.139/kWh in
Daggett, California (with a daily DNI of7.2 kWh/m 2) with 30% ITC. Even if the Singapore
Government is also willing to pay 30% ITC or equivalents generously, electricity from a
parabolic trough power plant still costs more than $0.35/kWh in Singapore, far more expensive
than the electricity tariff in conventional power plants. In comparison, the average electricity
price from Year 2005 to Year 2009 is merely $0.0931/kWh in Singapore[104]. The cost of PV
electricity in Singapore is estimate less than $0.20/kWh according to L. Sun.
Due to this high fraction of diffuse radiation, concentrating solar thermal technology is less
efficient than PV in Singapore.
Page 75 of 173
4.6.2 Land Requirement
A parabolic trough power plant requires a vast solar filed to collect sun radiation. Table 14
shows land areas occupied by a few solar thermal power plants. The specific land area, which
refers to the area per 1 kW power output, is also listed here.
Table 14 Land Area of Existing Solar Thermal Power Plant 11051
Parabolic Trough
Technology
SEGS 354 - 6,400,000 18
Nevada Solar One 64 - 1,600,000 25
Andasol 50 7.5 2,000,000 40
Solnova 50 - 1,200,000 24
Solar Tower Technology
PS 10 11 1 600,000 55
PS 20 20 - 900,000 45
Solar Tres 19 15 1,420,000 75
A shown in this table, the average specific area is about 20 m2 for a parabolic trough power
plant without thermal storage, and about 50 m2for a solar tower power plant with no storage.
Because large areas are needed, solar thermal power plants are usually built in desert or sub-
desert areas.
On the other hand, assuming an efficiency of 10% under solar radiation of 1 kW/m
2
, PV
has a specific land area of only10 m2 .This means that PV farms use land more efficiently.
Nevertheless, with a population of 4,839.4 thousand [106] at a limited land area of 707.1
km2 [107], Singapore is the second most densely populated country in the world with 6489 (in
2008) people/km 2 only after Monaco ( excluding Macau and Hong Kong, which are special
administrative regions of the People's Republic of China [108, 109]). The land constraint limits
Singapore from any large size power plant. Both PV farms and solar thermal power plants are
not suitable for Singapore.
Instead, roof-top PV may be a better choice for Singapore to acquire solar energy [110].
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In sum, due to the high fraction of diffuse radiation and limited land area in Singapore,
developing solar thermal power plants is not practical. Instead, roof-top PV provides one
alternative path for utilizing solar radiation in Singapore.
4.7 Summary
In this chapter, we firstly reviewed a few major assessment reports on the parabolic trough
power plant technology. Different cost models have been built to calculate the cost of electricity
from a parabolic trough power plant. Although their results are slightly different, it is generally
accepted that the cost reduction of this technology is achievable through research, and a wide
deployment on the GW scale. By 2020, it is likely to have cheap solar electricity directly
competing with "dirty power" from conventional power plants.
A detailed cost model is developed for a 100 MW parabolic trough power plant with 6
hours of thermal storage. With current technologies, the Levelized cost of energy for this plant is
$0.139/kWh in areas with a daily DNI of 7.2 kWh/m 2. This price will increase if dry cooling is
used in the plant or if the solar radiation is less strong. However, with rapid research progress
and industrial development, it is likely to lower this cost from $0.139/kWh in our model to below
$0.10/kWh by 2015.
Concentrating photovoltaic (CPV), a competing technology to a parabolic trough power
plant, is also studied. By comparing the two technologies, we found that parabolic trough power
plants have a niche market in large scale central power generation (preferably above 100 MW) in
areas with rich direct normal radiation. Thus, south-western U.S. and Mediterranean countries
(especially Spain) are indentified as potential market in the next few years.
Following by that, strategies of implementing parabolic trough power plants are discussed.
Government incentives are essential to grow this technology at this stage; selecting locations
near to water resource and transmission line, and further research are very important to reduce
the cost of this technology. Moreover, because of the high capital requirement, only large firms
with strong financial resources are able to take the risk to build parabolic trough power plants. It
is interesting to note that a few major wind power companies are entering this market.
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Lastly, we examined the feasibility of constructing a parabolic trough power plant in
Singapore. Unfortunately, the answer is negative due to weak direct normal solar radiation and
limited land in Singapore.
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Chapter 5. Implementation Models
Based on the reviews of Electric Vehicles (EVs), Solar Thermal and Solar PV Systems,
and Flow Battery technology, the feasibility of implementing EV transportation system based on
solar electricity will be investigated. Four different models will be built and evaluated, namely
the Battery Swapping Model, the PHEV Private Charging Model, the Car Park Charging System
based on Stand-along PV system with energy storage, and finally the Grid-tied PV-EV System
model.
The battery swapping model is targeted for taxis due to their relatively long daily driving
range. As BEV (battery electric vehicle) has been selected as a best model for taxi transport in
the evaluation of Electric Vehicle in Fu's thesis, the characteristics of BEV will be used to
implement a battery swapping system for the operation of taxis, where the electricity charged to
the battery is directly drawn from the utility. The economic feasibility and environmental
benefits of such a model will be determined.
PHEV was evaluated to be the best model for private transportation due to the relative
short-range driving characteristics in Singapore. The PHEV model will be evaluating the
standard plug charging model of PHEVs, where the electricity is directly drawn from the utility.
The model of Car Park Charging System with stand-along solar PV panels and energy
storage will be evaluating a charging station that is based on a standalone PV system built on the
roof-top of a shopping mall, where PHEVs can be charged with solar electricity stored in the
storage system. The economic feasibility and environmental benefits will be evaluated, followed
by respective suggestions to the government in assisting the clean energy policy making.
The Grid-tied PV-EV System is to evaluate the feasibility of building a large-scale grid-
connected PV system which could provide clean electricity to the grid, from which Electrical
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Vehicles can be charged. The price competitiveness and environmental benefits of solar
electricity from such as system will be evaluated, again followed by suggestions to the
government in assisting relative the policy making.
5.1 Battery Swapping Model
5.1.1 Background
Battery Electric Vehicle (BEV) is an important player in the green vehicle market. BEV is
equipped with a large battery and thus able to drive a long distance purely relying on electric
power. The optimized battery design is capable for a driving distance of 100 miles per charge. Its
average driving speed of 31 miles per hour also fits to Singapore' traffic condition well-the
average driving speed in Singapore is around 39 miles per hour in expressways and less than 17
miles per hours in artery roads[ 11]. Moreover, BEV emits no C02 and produces much lower
noise than conventional internal combustion engine vehicle [112].
In addition, a smooth running of BEV systems requires the building of battery swapping
stations. The battery swapping stations allows BEV drivers to switch a depleted battery to a fully
charged one in a long trip. In a battery swapping station, BEV drivers enters a lane covered with
a conveyor. The conveyor will move the car automatically and align the car with battery
swapping platform. At this platform, a depleted battery will be taken out from the bottom of the
car and replaced with a fully charged one. The depleted battery is then shifted to a store room for
charging. After charging, this battery will be available for the next driver. This battery exchange
process will be done in a fully automatic way and takes only a few minutes. Since the average
daily driving distance of taxis is about 260 miles in Singapore, battery swapping stations must be
built to support a smooth running of BEVs, which can drive for only 100 miles per charge [ 113].
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Fortunately, Singapore has excellent infrastructure for building swapping stations, such as robust
electric grid, compact urban environment, and advanced IT services [114]. With the support of
swapping stations, BEV could travel over long distance and maximally demonstrate its merit of
low operating cost.
Therefore, it is believed that BEV is one ideal candidate for creating an environmental
friendly taxi system in Singapore.
5.1.2 Objective
A proposed BEV taxi model is developed from the perspective of a taxi company. In this
model, we assume that the taxi company needs to replace 1250 old taxis with new cars. This
company has two choices-it can either buy 1250 gasoline cars or 1250 BEVs. A detailed cost
model will be built for both choices to assess the economic impact to the taxi company. In
particular, for the BEV taxi system, we assume the taxi company will build and operate battery
swapping stations.
5.1.3 Economic Analysis
A simple model is built to assess the feasibility to develop the BEV plus battery swapping
station system in Singapore.
5.1.3.1 Swapping Stations
In this model, it is assumed that BEV will take 5% market share in the taxi segment, or
about 1250 taxis in Singapore will be switched from gasoline cars to BEVs in the next five years.
Note the number of taxis was 24,446 in Singapore in 2007 [115].
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Four battery swapping stations will be built to support BEVs. The driving distance per
charge for BEVs is only 100 miles. Taxi drivers need to exchange batteries for 2.5 times on
average per day. Battery swapping stations are built to provide this service.
However, swapping batteries does not necessarily create many troubles for taxi drivers.
Firstly, currently drivers need to refuel two times daily. In general, in Singapore two drivers
share a cab and each of them will take in charge of the cab for twelve hours daily. They will
refuel the cab before passing it to the other colleague. On the other hand, swapping a battery
takes less than one minute [116]. Swapping batteries for 2.5 times daily actually does not
increase drivers' refueling time. Secondly, the driving distance to battery swapping stations is
very short. This distance is approximately 5 Km (3.125 miles) on average. As shown in Figure
43, four stations will be built in the west, north, east and downtown area of Singapore, at the
locations marked by stars. With these stars as centers, four circles with a radius of 10 Km (6.25
miles) are drawn on the map. This figure shows than almost every comer of Singapore is well
covered by these four swapping stations. In the worst scenario, taxi drivers need to travel 10 Km
to reach the swapping station. However, considering the overlapped areas among the four circles
and random distribution of taxis with areas covered by these circles, it is expected that the
average distance between a taxi and a battery swapping station is only about 5 Km.
Well establish power grid in Singapore is also able to support the potentially high power
demand from these battery swapping stations. In our model, the worse case happens when all
1250 BEV batteries starts to charge simultaneously. This total demand is still less than 61 MW
(each BEV battery has charging power of 48.73 kW). In contrast, the total installed capacity of
power plants in Singapore is about 9775 MW and current peak demand is only approximately
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half of that. Please refer to chapter 1 of this report for more details about the energy market in
Singapore.
5.1.3.2 Cost Assumptions
The projected cost for constructing a battery swapping station is US$500,000 according to
Better Place's estimation [116]. This station is designed to swap batteries, recharge depleted
batteries in an entirely automatic process. Drivers even do not have to walk out of the car.
During the initial trial period, we estimate that the north, east and west stations will each serve
20% of BEVs, while the downtown station takes care of the rest 40% BEVs.
Figure 43 Battery Swapping Stations in Singapore
Another major cost for this BEV model is the additional batteries. In our calculation, three
batteries (including the one in use in the car) are prepared for every BEV taxi. They are able to
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support the taxis to continuously drive for 10 years. Each battery costs about US$18,138
(excluding other taxes). However, this cost can be offset at least partially from the long term
saving in gasoline.
Other assumptions in our model include:
(1) Taxis are sequentially released every day, so that they go back to charging stations
roughly sequentially to avoid long time queuing during battery swapping.
(2) The operation and maintenance cost is US$60,000/year for the downtown station and
U$50,000/year for the rest stations.
(3) A fully changed BEV battery can store 37 kWh of electrical energy and support the BEV
for a 100-mile driving distance. For BEV and its battery specifications please refer to H.
Fu's thesis of Assessment of Lithium Ion Battery Technologies.
(4) The average electricity price from year 2005 to year 2009 is calculated to be
$0.093 l1/kWh in Singapore[104] and this price is used in our calculation.
(5) The average taxi daily mileage in Singapore is 258 miles[1 17].
(6) The average gasoline price from year 2005 to year 2009 is calculated to be $1.86/gallon
including tax in Singapore[ 114] and this price is used in our model.
(7) Another gasoline car, Toyota Crown with fuel efficiency of 21 mpg[118] and upfront
cost of $26,058[119], is selected in comparison to BEV during the calculation of their
operation costs.
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(8) BEVs enjoy Green Vehicle Rebate, which is 40% of vehicle open market value OMV at
registration. All vehicles are subjected to registration fee, COE and other fees. Please
refer to Chapter 1 for more details about car policies in Singapore.
(9) 7% of GST tax is applied to all commodities in our model.
5.1.3.3 Cost Analysis
Based on these assumptions, the operation cost for BEVs is calculated and summarized in
Table 15. The cost per mile of BEVs is approximately $0.22.
Table 15 Cost of Battery Swapping Model for BEVs
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Swapping Station Infrastructure Cost $2,000,000.00
BEV Cost $64,687,500.00
Vehicle cost $31,250,000.00
Vehicle GST $2,187,500.00
Green Vehicle Rebate ($12,500,000.00)
Registration fee $31,250,000.00
COE & Other fees $12,500,000.00
Number of Battery Pack $3,750.00
Battery Pack Cost with GST $73,500,975.00
Total BEV and Battery Cost $138,188,475.00
Operation Cost $180,000.00
Electricity cost $2,392,297.60
Maintenance cost $250,000.00
Total Variable Cost $2,822,297.60
Annual interest rate 10%
Infrastructure life time (year) 20
BEV and battery life time (year) 10
Annual Infrastructure Amortization $234,919.25
Annual BEV & Battery Amortization $22,489,537.93
Annual Fixed Cost $22,724,457.18
Annual Variable Cost $2,822,297.60
Total Annual Cost 1 $25,546,754.78
Total Annual Cost per Car $20,437.40
Cost per Mile for a BEV $0.217
The cost breakdown of BEV system is shown in Figure 44 Cost Breakdown of BEV
System. It is noticed that the annual infrastructure amortization, which account for the
infrastructure cost of battery swapping stations, is only about 1% of the annual BEV & battery
amortization. It is also noticed that the major contribution in variable cost is from electricity bill.
The first fact means that the cost for building supporting infraction for BEVs is far smaller than
that of BEVs and their batteries in our model. Infrastructure does not play a significant role,
once the population of BEVs reaches a certain size, say 1250 in our model. Moreover, both facts
further indicate that a higher penetration rate of BEVs into the taxi markets does not necessarily
bring down much of its cost per mile, because the cost for BEVs is mainly from cars, their
batteries and electricity bills.
Cost Breakdown for BEV System
Operation Cost Electricity cost
1% 9%
Maintenance cost
1%
Annual
Infrastructure
Amortization
1%
Annual BEV
& Battery
Amortization
88%
Figure 44 Cost Breakdown of BEV System
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By assuming the gasoline price of $1.86/gallon, we also calculated the cost per mile for
gasoline cars. This price is $0.199 as shown in Table 16Error! Reference source not found..
Table 16 Cost of Gasoline Cars
Toyota Crown Taxi $63,940.06
Vehicle cost $26,058.00
Vehicle GST $1,824.06
Registration fee $26,058.00
COE & other fees $10,000.00
Toyota Crown Amortization $10,405.95
Fuel Efficiency (mpg) 21
Gasoline Price ($/gallon) $1.860
Daily gasoline consumption (gallon) $22.85
Daily Operation Cost $8,340.77
Annual Operation Cost $8,340.77
Annual gasoline consumption (gallon)
Total Annual Cost for Gasoline Car $18,746.72
Cost per Mile for Gasoline Car $0.199
From above calculations, it can be seen that BEV taxis are not economically sound as
compared to gasoline taxis. The cost per mile for BEV is about $0.02 or 9% more expensive
than that of gasoline taxis. This is mainly due to expensive BEV batteries.
However, this conclusion changes as gasoline prices rises, which is very likely to happen in
the next ten years. Further sensitivity analysis on the system cost with gasoline price is provided
below.
First, the relationship between gasoline and electricity prices in Singapore is analyzed. We
have calculated the monthly average price of both gasoline and electricity (wholesale electricity
price) in Singapore from 2005 to 2009 [120] [121]. The electricity price is converted into U.S
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dollar at the ratio of US$1=S$1.44. These data are plotted in Figure 45. From this figure, it is
found that electricity retail price is very closely linked to the gasoline price in Singapore.
Therefore, we assume a linear relationship between these two prices in our model. This means
that as the gasoline price rises, the electricity tariff will increase for the same percentage. The
reference prices are set based on the average prices in the past five years. They are $0.093/kWh
for electricity and $1.86/gallon for gasoline.
4 .--- - 0. 16
3.5 0.14
3 0.12
0.5 0.02
Jan-05 Feb-06 Mar-07 Apr-08 May-09
Period -41-Gasoline Pnrice
-- Electricity Price
Figure 45 Monthly Average Prices of Gasoline and Electricity in Singapore
The cost per mile for both BEV and gasoline cars are calculated and plotted in Figure 46.
As can be seen from this figure, as the fuel cost rises, gasoline car's cost per mile ramped up
rapidly. The electricity tariff also increases with the gasoline price. However, since the electricity
bill is only a small portion in the overall cost of BEVs, this increase does not bring a significant
change in the cost per mile for BEVs.
Page 88 of 173
As can be seen from Figure 46, the breakeven price for BEVs and gasoline cars occurs at
gasoline price of about $2.4/gallon. This means that BEVs will be more economically
competitive in terms of cost per mile, once the fuel price goes above $2.4/gallon.
Figure 46 Cost per Miles for Gasoline Cars vs. Gasoline Price
5.1.4 Environmental Analysis
From environmental perspectives, BEV taxis are highly preferred for less CO2 emission. In
order to quantify the environmental benefits of BEV taxis, the total amount of CO2 emission in
10 years are estimated for both kinds of taxis.
The main source of CO2 emission for BEV taxi is from electricity generation. Amount of
CO 2 emitted during electricity generation can be calculated based on the following assumptions:
(1) Average transmission loss from power station in Singapore is estimated to be 1.5%[122]
(2) Average CO2 emission during power generation is 434g/kWh in Singapore (refer to
chapter 1 for more details of Singapore power generation)
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(3) Estimated CO 2 emission for gasoline taxi is 371.2g/mile based on the data given by Felix
Kramer[123].
CO2 emission (kg/mile)
BEV taxi 0.09548
Gasoline taxi 0.3712235
BEV taxi CO2 reduction 0.2757435
Table 17 shows that by operating BEV taxi, 0.27kg/mile of CO 2 reduction can be achieved
compared with its gasoline counterpart. The total CO 2 reduction for a single BEV in one year
(assuming daily driving distance of 258 miles) can be as high as about 25 tons. In our model,
1250 BEVs will be deployed. This would mean a total of nearly 31.3 kilo tons of CO2 reduction
yearly. Here we assume the electricity is generated from power plants relying on natural gas as
fuel. If this electricity is from renewable energy, the CO 2 reduction can go up to 0.371 kg/mile or
an annual saving in CO 2 reduction of nearly 35 tons per car.
Table 17 CO02 emission of BEV and Gasoline Taxis
C02 emission (kg/mile)
BEV taxi 0.09548
Gasoline taxi 0.3712235
BEV taxi CO2 reduction 0.2757435
In order to reduce CO 2 emission and promote BEV taxi system in Singapore, incentives
must be given by Singapore government. Based on the previous cost analysis, a price of
$70.21/ton of CO 2 emission is needed so as to make BEV taxi at the same cost level of gasoline
taxis, at present gasoline and electricity prices ($0.093/kWh for electricity and $1.86/gallon for
gasoline). In comparison, according to the CO 2 price established by European Union's Emissions
Trading Scheme (EU ETS), current CO 2 is charged at $21.3/ton[124], and it will increase further
to $56.86 by 2016 in Europe. Therefore, either more government incentives or higher carbon tax
are needed for the implementation of BEV taxi system in a near term. However, as oil prices and
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environmental concerns rise in the future, it is highly likely that BEV taxis will be running in
Singapore streets.
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5.2 Private Car Model
5.2.1 Background
According to Land Transport Authority (Singapore), the average daily mileage of private
cars is 35.4 miles[l17]. As shown in Fu's model, under current technical standard, Plug-in
Hybrid Electric Vehicle (PHEV) has a driving distance of 40 miles by operating in electric mode.
This is enough to cover the entire daily mileage of a private car user. While the operation cost
and CO2 emission for PHEV and BEV are quite similar, PHEV has a much less upfront cost
compared to BEV. Therefore, PHEV is chosen to target at private car market in this Private Car
Model.
5.2.2 Assumptions
By applying the same topology as in BEV battery swapping model, economic and
environmental impacts of PHEVs are assessed based on following assumptions:
(1) Average daily mileage of a private car is 35.4 miles.
(2) Gasoline and electricity prices are $1.83/gallon and $0.0932/kWh respectively.
(3) PHEVs enjoy Green Vehicle Rebate, which is 40% of the vehicle's open market value
(OMV) at registration.
(4) All vehicles are subjected to registration fee, COE and other fees.
(5) 7% of GST tax is applied to commodities.
(6) A fully charged PHEV can drive for 40 miles in electric mode. After that, it operates as a
hybrid electric vehicle (HEC) with a fuel efficiency of 50 mpg.
(7) A gasoline car with a fuel efficiency of 26.4 mpg is used for comparison.
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5.2.3 Cost Model
The result is summarized in Table 18. As shown in this table, although PHEV has a higher
upfront cost than gasoline car, drivers could making savings from its lower operating cost.
Nevertheless, a negative net present value in Table 18 indicates that this saving is not large
enough to offset the high upfront cost of a PHEV. As a result, at current electricity and gasoline
prices, it is not cost effective for a consumer to purchase a PHEV.
Table 18 Implementation Cost of PHEV vs. Gasoline Car
PHEV cost $73,972.69
PHEV OMV price $38,307.00
PHEV GST $2,681.49
Green vehicle rebate ($15,322.80)
Registration fee $38,307.00
COE & other fees $10,000.00
Gasoline car cost $56,212.75
Gasoline car OMV price $22,325.00
Gasoline car GST $1,562.75
Registration fee $22,325.00
COE & other fees $10,000.00
PHEV initial investment $17,759.94
PHEV operation cost $0.82
Gasoline operation cost $2.49
Daily PMT(saving) $1.67
Annual PMT(saving) $610.21
Net present value ($11,657.82)
PHEV C02 emission (kg/day) 3.87736
Gasoline car C02 emission (kg/day) 12.3192
PHEV C02 reduction (kg/day) 8.44184
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From environmental perspectives, operating a PHEV can achieve 8.442 kg of CO 2
reduction every day than running a gasoline car. In order to make PHEV as cost competitive as a
gasoline car, the charge of $378.3445/ton on C02 emission is required to bridge this cost gap.
This price is as high as 17.5 times of the current CO 2 trading price ($21.6/ton) in the European
Union. Therefore, at this moment PHEV is not likely to be adopted as private cars.
The sensitivity of NPV to gasoline is also analyzed. The same relationship between
gasoline and electricity price as in Battery Swapping Model is used. Figure 47 shows the change
of NPV as gasoline price increases. It is observed that PHEV will not be profitable unless the
gasoline price goes to as high as about $5.4/gallon. Based on the historic trend of gasoline price
in Singapore, this price is not likely to occur in the short run.
Gasoline Price ($/gallon)
Figure 47 NPV vs. Gasoline Price
As the driving distance becomes longer, PHEV's merit of low operation cost becomes
more significant. Sensitivity of CO 2 breakeven price with varying daily mileage is shown in
Figure 48. This figure suggests that PHEV is probably a good choice for users of higher daily
mileage, such as postman.
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Figure 48 C02 Breakeven Price with Varying Daily Mileage
Page 95 of 173
$600
$550
$500
$450
. $400
$350
. $300
c $250
E $200
2 $150
0
30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Daily mileage (mile)
5.3 Car Park Charging System Model
5.3.1 Background
In order to help expedite the penetration of electric vehicles (EV) into the private car
market in Singapore, supporting infrastructures for EV should be built at the frequently and
easily accessible areas with dense population of cars. One of the most important infrastructures is
the charging system.
Singapore has limited land, so its city planning does not allow much space for private
parking. Aggregated public cars parks are commonly seen around the island, at both residential
and commercial areas. The residential areas in Singapore mainly comprise of tall flats, and
separate multi-storey buildings are usually built for car parking for the residents in the region; it
is also very common to see aggregated large-scale shopping complexes in Singapore, and the
parking spaces are usually located within the same building. Therefore, providing charging spots
at those parking areas can help alleviate EV users' worries of running out of "fuel", while they
are resting at home or shopping with families for the weekends.
In order to make EVs even "greener", solar energy technology should be leveraged for
the greater benefit to the environment. This is because solar energy is the only viable clean
energy resource for electricity generation in Singapore, as being discussed in Report 1. Solar
thermal technology and solar PV technology are separately evaluated by Liu and Sun in their
respective thesis. According to Liu, solar thermal technology is not suitable for electricity
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generation in Singapore due to its low efficiency in a highly diffusive radiation environment, like
Singapore9. Therefore, solar PV technology is chosen for evaluation in this car park model.
Furthermore, to fully capitalize on the solar energy available only during sunny daytime,
energy storage system should be implemented together with the PV panels to make the solar
energy even available for charging at night or during cloudy days. Moreover, energy storage
system can eliminate the intermittent nature of electricity generation from solar PV.
5.3.2 Objectives
The ultimate aim of this Car Park Charging System (CPCS) model is to evaluate the
profitability of building a Standalone Solar Electricity Generation System with Energy Storage
(SSEGS-ES).
The final cost of electricity in $/kWh generated from the SSEGS-ES system (PI) will be
compared with the current utility electricity price (P2) and the equivalent electricity price for the
conventional combustion engine vehicles (P3). Based on the comparison, EV users' acceptance
level and the future market of CPCS can be analyzed. Correspondingly, possible policies and
acts can be proposed to the government to incentivize such a system.
9 According to Liu, to make it economically sound, solar thermal power plant requires a minimum daily
direct normal isolation of 6 kWh/m2. However, due to more than 40% of diffusive radiation, the daily DNI in
Singapore is less than 3 kWh/m2. Moreover, solar thermal power plant requires a vast area for solar field. This
further prevents it from entering the Singapore market, when the density of population is ranked number 2 in the
world.
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5.3.3 Assumption
There are a few important assumptions for building such an implementation model:
(1) The solar PV technology is based on the one evaluated in Sun's thesis. The capital
cost of building such a solar PV panel is also obtained from the cost model in that thesis. The
energy storage system makes use of the vanadium redox flow battery system (VRB) evaluated in
Chen's thesis, likewise for its capital cost modeling.
(2) The specifications of EV batteries and charging parameters are obtained from Fu's
thesis on EV battery evaluation. Based on his thesis, Plug-in Hybrid Electric Vehicle (PHEV) is
believed to be the most suitable model for private car users in Singapore, because of its relatively
low overall cost in $/mile and sufficient driving range for private car users in Singapore. Herein,
PHEV is used together with SSEGS-ES for the implementation model.
(3) The CPCS is assumed to be continuously operational for twenty years from its
commissioning.
(4) An initial capital investment is used to build the entire CPCS, including the solar PV
panels, VRB storage system and the auxiliary components. The balance-of-plant is included in
the individual systems, and the final operation and maintenance (O&M) cost for the entire CPCS
is incorporated into the initial capital investment. This lump-sum capital investment is taken
from a bank loan with annual borrowing rate of 5%. The loan is paid back with equal annual
installment for the next twenty years.
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(5) The installed CPCSs is purchased by and owned the operators of the car parks, who
can be the owners of shopping complexes and the neighborhood communities of the residential
areas. They will charge the EV users for charging their vehicles during parking. This constitutes
income for the CPCS owners who can use it to repay the bank loan for the next twenty years.
The interest rate is assumed to be constant at 1% for the next twenty years, and the inflation rate
is assumed to be zero in Singapore for this period.
5.3.4 Cost Model
5.3.4.1 Car park
The car park used in this model is the one used in one of the largest shopping complexes
in south-western Singapore, the IMM shopping mall. Its outlook is shown in Figure 49 [125],
respectively. IMM is purposely chosen for this model, because it is located between the
downtown area and the rural suburbs, its accessibility and traffic amount can reasonably
approximate the average standards in Singapore.
Figure 49 Outlook of IMM Shopping Complex
Page 99 of 173
The roof-top area of IMM building is estimated to be about 37,810m2, and there are about
1,300 car park lots available inside [126]. This is another reason for choosing IMM for the
SSEGS-ES implementation, and more details will be presented in later sections.
5.3.4.2 Solar PVpanels
Based on Sun's model of solar PV panels, it is assumed that 90% of the roof-top areas
can be covered with PV panels, which is equivalently 37810x90%=34,029m 2. Assuming 90% of
the roof-top areas are covered with solar PV panels, so that the total number of PV modules
needed is about 51,250, each taking up an area of 0.72m 2. The solar PV panels are made from
Cd-Te module from First Solar®. The important parameters and final capital cost of the solar PV
panels are shown in Table 19. The total capital cost for the entire solar PV panels is about
$8,497,825.83. The breakdown of this total amount is shown in Figure 50. It can be seen the PV
module cost amounts to more than 70% of the total cost.
Table 19 Important parameters and final capital costs of the solar PV panels installed for car park in
the IMM shopping hall
Total area availble for PV panel (m2) 34,029.00
Total number of PV modules 47,262.50
Overall energy efficiency of PV module 88%
Total watt peaks (Wp) 3,009,694.91
Total electricity generated from PV panels per day (kWh) 12,038.78
Total electricity generated from PV panels per year (kWh) 4,394,154.56
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Final Cost Breakdown of Solar PV System
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Figure 50 Final Cost Breakdown of the Entire Solar PC System
5.3.4.3 PHFEV specifications
The PHEVs are driven by advanced Li-ion batteries which can be plugged into any
normal power socket that provided 240V AC power supply.
Based on Fu's model of Li-ion batteries and reference [127], the charging characteristics
PHEV batteries are shown in Table 20. The charging efficiency is assumed to be 90%; based on
Chen's model of VRB system, the overall energy efficiency (input/output) is about 75%. The
total electricity available for charging PHEV batteries is therefore calculated to be about
9,029kWh per day, and the number of PHEV batteries that can be fully charged is about 923 per
day. This is smaller than the total parking lots available (about 1,300). Assuming that all the 923
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PHEVs are plugged-in and charged from the VRB system at the same time, the maximum power
capacity requirement for the VRB system hence is about 2.462MW.
Table 20 Important parameters for PHEV batteries
Total electricity generated from solar PV panels per day (kWh) 12,038.78
Overall efficiency of VRB system 75.00%
Battery energy capacity (kWh) 8.8
Battery charging efficiency 90.00%
Number of PHEV fully charged per day 923
Battery charging AC voltage (V) 240
Battery charging current (A) 7.5
Battery charging power (kWh) 1.8
Battery charging duration to fully charged (hours) 4.89
Total maximum charging current in a day (A) 10,260.32
Total maximum charging power in a day (kW) 2,462.48
5.3.4.4 Capital cost of VRR storage system
The VRB system will be constructed in the proximity of the IMM building. A
computerised control system will be installed to dynamically control the charging and
discharging dynamically of VRB system. The electricity will be generated with intermittence
from the solar PV panels at sunny daytime, and then it can be supplied to the charging spots
throughout the car park inside the IMM building at anytime of the day.
From the previous section on PHEV specifications, the total maximum charging power
required from the VRB system is about 2.462MW. A 100kW safety margin is added to the
maximum power output of VRB system, resulting in 2.562MW. The discharge duration is
estimated to be 4 hours, resulting in a total energy capacity of 10,240kWh of the VRB system
which is larger than the required total electricity for charging 923 PHEVs fully per day,
9,029kWh (highlighted in yellow in Table 20). Hence, the final purchase price of the entire VRB
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system is $3,213.098.06 for a 2.562MW VRB system with discharge duration of 4 hours. Based
on Chen's model, the final capital cost per cycle is about $0.0836/kWh. A summary is shown in
Table 21.
Table 21 Important specifications and final purchase price of the VRB storage system
Discharge Duration (hours) 4
Total energy capacity (kWh) 10,248.00
Capital cost per unit power ($/kW) $548.50
Capital cost per unit energy ($/kWh) $134.65
Fixed cost ($) $135,800.00
Tntal canital cost (S
Figure 51 shows the breakdown of final cost of the entire VRB system. Due to the large
power and energy capacity of the power plant, the fixed cost component only constitutes about 2%
of the total cost, whereas the cell stacks and the vanadium electrolyte amounts to more than 55%.
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Figure 51 Final cost breakdown for VRB system with 2,770kW with 4 hours discharge duration
5.3.4.5 O&M cost of the CPCS
Since in both Sun's cost model of solar PV panels and Chen's cost model of VRB system,
the O&M costs are included in the final capital costs, there is no separate O&M cost associated
with the CPCS system.
5.3.4.6 Final cost of electricity output from CPCS, P1
Based on the previous discussion, the total initial capital cost amounts to $11, 700,923.89
in total. Figure 52 shows the final cost breakdown: VRB system costs about 27% and the solar
PV system takes up the remaining 73%.
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Figure 52 Final cost breakdown of the CPCS system installed in IMM building
It is assumed that this amount is loaned from a local bank with borrowing rate of 5%,
with payback period of 20 years of equal annual payment. Hence, the annual instalment is
$938,912.41.
Electricity from the CPCS is sold the EV user. Once they plug-in their PHEV onto the
wall-plug in the car park, the power meter installed beside the charging spot will start to
calculate the total charging cost. The cost of electricity for the next twenty years is assumed to be
constant.
In order to find the break-even electricity price (denoted as P1), the annual income from
electricity sale must be equal to the annual loan payment. This is calculated to be $0.2849/kWh.
Table 22 shows the important parameters for this calculation.
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Table 22 Calculation of the break-even electricity price for the next twenty years
Total initial capital investment ($) $11,700,923.89
Average interest rate 1%
Electricity output from VRB per day (kWh) 9,029.08
Number of CPCS's operating days per year 365
Total electricity supplied from CPCS per year (kWh) 3,295,615.92
Life cycle of CPCS (years) 20
Cost of electricity to EV users ($/kWh) $0.2849
Annual revenue ($) $938,912.41
Total bank loan ($) 
-$11,700,923.89
Annual bank loan rate 5%
Loan payback period (years) 20
Equal annual installment for loan payment ($) $938,912.41
Annual cash inflow ($) $938,912.41
Annual cash inflow ($) $938,912.41
Annual net cash flow ($) $0.00
NPV of net cash flow in 20years ($) $0.00
Therefore, the final break-even electricity retail price from the CPCS at IMM building
should be P1 = $0.2849/kWh.
5.3.5 Model Analysis
5.3.5.1 Utility electricity price, P2
The yearly average electricity price from 2005 to 2009 is shown in Table 23. The average
electricity price during this period is $0.0932/kWh, and this is taken as a reference of the
expected average electricity retail price in the next twenty years. Hence, P2 = $0.0932/kWh. This
is about third (-32.7%) of P1.
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Table 23 The yearly average electricity price in Singapore from 2005 to 2009
Year Electricity Price ($/kWh)
2005 $0.0775
2006 $0.0929
2007 $0.0884
2008 $0.1128
2009 $0.0943
Average _ $0.0932
5.3.5.2 Sensitivity Analysis - Car Park Roof-top Area
Figure 53 shows that P1 decreases with the car park roof-top area available for PV
installation. It approaches towards about $0.275/kWh when the roof-top area goes to very large.
This "asymptotic" value is about 3 times of the average utility electricity price, P2 (shown as the
red line in Figure 53), and about 2 times of the highest historical utility electricity price in the
past five year. The vertical dotted line represents the case of CPCS built on IMM building.
Break-even Electricity Price ($/kWh), P1 vs Car ParkArea (n 2 )
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Figure 53 Variation of break-even electricity price from CPCS (P1, $/kWh) against car park area (m)
and utility electricity price (P2, $/kWh)
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The initial quick decrease in P1 with increasing car park roof-top area is due to the
relatively large portion of capital investment in building CPCS, even when the amount of
electricity generated from the PV panels is very limited. This can be seen from Figure 54 which
shows comparison of increasing rates of total cost of CPCS and annual electricity generation
capacity, with respect to the roof-top area, as well as the increasing rates of total cost of VRB
system and total cost of solar PV system. When the roof-top area is below 100m 2, the annual
electricity generation solar panel is only about 40kWh, but the total capital cost of CPCS is
already above $300,000. When the roof-top area gets larger, the incremental electricity generated
exceeds the incremental capital cost of CPCS, so the final break-even electricity price comes
down due to economy of scale. This is shown in Figure 54 in which the electricity generation
curve (purple) is much steeper than the total CPCS cost curve (green). Furthermore, Figure 54
shows that when the roof-top area is small and the generation capacity is small, the total capital
cost of VRB storage system is higher than that of solar PV system; when the roof-top area goes
above 2,000 m2, the total cost of solar PV panels overtakes that of VRB system. This is mainly
due to the decreasing capital cost per cycle with increasing energy capacity of VRB system
discussed in Chen's thesis.
Therefore, a conclusion that can be made from Figure 53 is that car parks with large roof-
top area available for installing more PV modules will be more economically attractive for
building CPCS. In fact, IMM mall is one of the handful large shopping complexes in Singapore
with large roof-top area. This is also another reason for choosing IMM for the initial stage of
modeling.
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Total CPCS Cost ($) vs Car Park Roof-top Area (m2)
-+-Total Solar PV System Cost ($) -- Total VRB Storage System Cost ($)
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Figure 54 Total cost of CPCS, total VRB system cost, total solar PV system cost and annual electricity
supplied by CPCS vs car park roof-top area (ranging from ln 2 to 10,000m 2, log scale)
5.3.5.3 Carbon Dioxide (CO) Emission Reduction
Apparently, the price of electricity generated from the CPCS system modelled above is
too expensive to be accepted by ordinary PHEV users, they may prefer to charge their vehicles
from the household wall-plug with only one third of the cost of using CPCS.
However, the electricity generated from CPCS is totally carbon-emission free, and it is
much "cleaner & greener" than the utility electricity generated from the ordinary power plants.
Most of power plants in Singapore use natural gas to generate electricity, and power generation
sector alone contribute the largest portion of total CO 2 emission in Singapore. This is shown in
Figure 55 [2].
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Emission by Sectors in Singapore in 2005.
In order to make the clean electricity generated from standalone solar electricity
generation system with energy storage (SSEGS-ES) at least equally competitive with the gas-
generated electricity, government's restriction on CO 2 emission is essential. This can be done in
the form of carbon credit trading system seen in some European countries. In this system, carbon
is being sought and bought just like other commodities in the market. The party who can reduce
their C02 emission will have more carbon credits to sell to those who need to emit more CO 2
than required by the government. In this way, PHEV users who use clean electricity to driven
their vehicles will earn carbon credits, equivalently to reducing operating cost of PHEV.
Therefore, in this implementation model of EV in Singapore, it is assumed that Singapore
government has joined the global carbon trading system, and allows its citizen to participate in
the trading activities just like trading stocks. A carbon trading price in $/Ton needs to be
determined in order to let solar-generated electricity and gas-generated electricity be equally
attractive to EV users.
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The carbon intensity from the two largest power generation companies in Singapore,
Tuas Power [128] and Senoko Power [129] are used to estimate the mass of CO 2 emission when
lkWh electricity is generated from natural gas. Averaging the Senoko's carbon intensity in 2005
(450g/kWh) and Tuas' carbon intensity in 2006 (418g/kWh), the approximate carbon intensity
for gas-generated electricity in Singapore is about 434g/kWh. It is further assumed that the power
transmission efficiency from power plant to end EV users is 98%, so the actual carbon intensity
per kWh electricity charged into EV is about 442.86g/kWh.
Based on the previous modelling on IMM building, the price of electricity from CPCS is
$0.2849/kWh, and the utility (gas-generated) electricity price is $0.0932/kWh, so the price
difference is $0.1917/kWh. In order to bridge this price gap, the C02 emission per kWh of gas-
generated electricity needs to be charged. The unit carbon price is therefore:
$0.1917/kWh
442.86g/kWh $0.43287/kg = $432.87/ton442.86g/kWh
Hence, in order to let solar-generate electricity's price and gas-generated electricity's
price equal, the break-even price of C02 should be $432.87/ton.
5.3.5.4 "Best case" analysis
From the previous section, in order to let the solar-generated electricity be cost equivalent
with the gas-generated electricity, a carbon trading price of $432.87/ton would be needed.
However, this price is about 20 times higher than the current carbon trading price in Europe
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(-$21.30/ton [130]), and about 8 times higher than the predicted price in 2016 (-$56.83/ton
[131]). Therefore, it is very unlikely in the foreseeable future that Singapore's carbon trading
price can be so high.
In order to estimate the lower limit of the break-even electricity price from CPCS
installed in IMM building, a "best case" analysis is conducted. There are two major changes to
the previous cost model.
(i) There will be a one million SGD (equivalent to $694,444.44 USD at 1USD=1.44SGD
exchange rate) government financial support to offset partially the initial capital investment of
the CPCS. This is based on the news release from the Economic Development Board (EDB) in
2008.
(ii) There will be no energy storage system implemented together with the solar PV panel
systems. This is based on the assumption that the electricity generated at daytime can be 100%
utilized or charging EVs instantaneously after it is generated. As a result, there will be no
charging at night or during cloudy days, and there will no energy loss due to the storage system
energy efficiency. The cost associated with the extra power conditioning system for smoothing
the energy output from PV panels will be incorporated into the final DC/AC inverter cost.
Therefore, the initial capital cost only includes the cost for solar PV system.
The final cost model parameters used to calculate a break-even electricity price are
shown in Figure 56.
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Total initial capital investment ($) $7,793,381.39
Average interest rate 1%
Electricity output from VRB per day (kWh) 12,038.78
Number of CPCS's operating days per year 365
Total electricity supplied from CPCS per year (kWh) 4,394,154.56
Life cycle of CPCS (years) 20
Annual revenue ($) $625,361.09
Total bank loan ($) -$7,793,381.39
Annual bank loan rate 5%
Loan payback period (years) 20
Equal annual installment for loan payment ($) $625,361.09
Annual cash inflow ($) $625,361.09
Annual cash inflow ($) $625,361.09
Annual net cash flow ($) $0.00
NPV of net cash flow in 20 years ($) $0.00
Figure 56 Calculation of break-even solar-generated electricity price in the "best case"
The break-even price in the "best case" is therefore $0.1423/kWh (P1), about 1.5 times of
the annual average electricity price in the past five years and about the same as the highest
historical electricity price during the same five-year period. Based on the average electricity
price (P2) of $0.0932/kWh, the price differential is $0.0491/kWh. The corresponding carbon
trading price to let P and P2 equal is calculated as:
$0.0491/kWh $ $0.11087/kg = $110.87/ton
442.86g/kWh
This price is still about 5 times higher than current carbon trading price in Europe and
about 2 times of the predicted price in 2016.
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5.3.6 Summary
In conclusion, the final cost ($0.2849/kWh) those private EV users have to bear for using
electricity generated from the SSEGS-ES system built in IMM building is too high to be
accepted by the consumers. With the "best case" analysis in which there is government's
financial support and no energy storage system is needed, the price of electricity from solar PV
panels ($0.1423/kWh) can match the highest historical electricity price in the past five years in
Singapore. Therefore, only with gas-generated electricity price above $0.1423/kWh, the solar-
generated electricity will be more attractive to private EV users. Furthermore, this conclusion is
drawn based on the assumption that the electric vehicles can only be charged at car parks when
there is sunlight available. Sometimes, this might not be the most convenient to EV users.
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5.4 Grid-tied PV-EV System (GPES) for Large Scale Solar Electricity Generation
in Singapore
5.4.1 Background
To promote environmental friendly transportation in Singapore, the economics of
transportation with Electrical Vehicles (EV) have been studied (refer to Fu's thesis), which
includes the BEV model for taxi based public transportation and PHEV model for private vehicle
transportation. As more than 97% of the electricity generation in Singapore are currently from
non-renewable energy resources which mostly consists of natural gas and fuel oil[132], green
electricity generation model based PV systems was analysed with the fact that solar energy is
relatively abundant in tropical Singapore(refer to Sun's thesis). It has been shown that with
government rebate of less than 35% of the total system cost, a PV system in its current stage of
technical development with a capacity larger than 70kW can be a profitable investment, under
the present government policy of equal electricity pricing.
In order to determine the economic feasibility and environmental benefits of feeding solar
electricity to EVs, solar PV integrated EV charging system shall be modelled and evaluated.
The first model of the PV-EV system is built in a carpark as a standalone system where
solar panels are installed on the roof of the carpark and charging spots are built around the
parking lots. This model has been evaluated in previous sections as the Car Park Charging
System (CPCS) model.
The second model of a PV-EV system is to build a large scale grid-connected PV system
which feeds electricity to the grid at the electricity wholesale price. The EVs will get electricity
directly from the grid. The objective of such a model is to determine whether it is economically
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feasible for an operator to install a large scale PV system whose electricity output could offset
the electricity consumption of all private electrical vehicles (PHEV). The following analysis will
be dedicated to this Grid-tied PV-EV System (GPES) model.
5.4.2 Methodology
In the GPES model, an aggregate roof area of state developed buildings is estimated,
which will set an upper limit for the total area available to install PV panels as one integrated
system by a single land use license. As electricity cost from larger systems is generally less than
that from small systems due to price discount or minimal incremental cost, a system based on
such an area will be calculated. The size of the area required to be able to charge all the EVs in
Singapore will also be estimated and compared with this area upper limit to see how many EVs
such a system can support. A feasible system based on practical restrictions will be determined
and discussed in detail.
With such system estimations, the cost of electricity in terms of $/kWh will be calculated.
This Grid-connected unit cost (Pg) will be compared with the utility Wholesale electricity price
(Pw) and the conventional Combustion Engine vehicle (Pce). Similarly with the standalone
CPCS model, the price comparison will enable us to determine the EV users' acceptance level as
well as the economic feasibility of such a system with and without government incentives.
Polices can also be suggested respectively to promote such a system.
5.4.3 Assumptions
The following assumptions are made in the detailed evaluation of the GPES model:
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(1) The solar panel specifications used in this analysis is based on the CdTe thin film
modules evaluated in Sun's thesis. The capital cost modelling of building such a solar PV system
is also obtained from that thesis.
(2) The specifications of EV batteries and charging parameters are obtained from Fu's
thesis on EV battery evaluation. Based on his thesis, it is assumed that Plug-in Hybrid Electric
Vehicle (PHEV) is the most suitable model for private transportation-in Singapore. Herein,
PHEV is used together with the GPES model as the model is based on private cars. The PHEVs
are assumed to need to charge only once per day.
(3) The PV system is estimated to be able to operate for 20 years. An initial capital
investment is assumed where changing of parts with lifetime shorter than this operation time will
be discounted back to the Present Value (PV). Thus Net Present Values (NPV) of revenue and
cost will be used for comparisons. The investment interest rate is set at 1% and the inflation rate
is assumed to be zero in Singapore for discounting purposes. The lump-sum capital investment is
taken from a bank loan with annual interest rate of 10%. The loan is paid back with equal annual
instalment for the next twenty years. The annual instalment is likewise discounted back to the
present value.
(5) The installation area will be leased by the government to the GPES operator for an
annual royalty fee. The operator will install this solar PV system and sell electricity to the grid
for revenues. The operator can be any individual or corporation or any other kind of investor.
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5.4.4 Cost Model
5.4.4.1 Total Available Area Estimation
The largest portion of the state owned land area is used for residential and commercial
developments. As the Housing Development Board (HDB) residential blocks are standard
government built buildings which have roofs that are mostly non-shaded due to the multi-storey
height, it is reasonable to take all the HDB roof areas as an aggregate unit to estimate the
maximum allowable roof areas of the PV system.
According to the Housing Development Board, the total number of residential units under
HDB's management is 885, 140 as of 31 March 2008[133]. Based on an average of 15
residential floors for each HDB block with 6 residential units on one floor, the total number of
units per block is 90. Thus the number of blocks in total is around 9835. Then based on the
assumption in Sun's thesis that there is one multi-storey carpark every 4 HDB blocks of
residence and such a unit has an estimated area of 3870m2. Taking into consideration of the
carpark shading and the non carpark integrated old buildings, we can take half of the car park
area, which gives an average area of 3225m 2 for the 4HDB-Carpark unit. Thus with 9835 blocks,
the total number of such unit is around 2459. The total available area is thus estimated to be
around 7.93km2. The detailed estimations are shown in Table 24 and
Table 25.
Table 24 Average Area Estimation for an HDB-Carpark Unit
No. of 4- No. of 5-room
room flat flat
4 2
Standard Area(m2) 85 110
Floor Area(m2 340 220
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Table 25 Total Available Area Estimation for the GPES Model
Till 31-
Mar-08
HDB Dewling Unit in 2008 885,140
Residential Floors per HDB block 15
units per floor 6
Number of Units per Block 90
Number of Blocks 9835
5.4.4.2 Area Requirement for the PV System to Charge All Private PHEVs
The PHEVs are driven by advanced Li-ion batteries which can be plugged into any
normal power socket that provided 240V AC power supply. The characteristics of the model of
Li-ion batteries are elaborated in Fu's thesis and reference [127], as shown in Table 26. To be
consistent with the previous models, the charging efficiency is assumed to be 90%.
By the end of 2007, total number of private cars in Singapore is 451,745 [134]. If all these
cars are replaced by PHEVs or a 100% market penetration, then the total charging energy
requirement for one day will be 8.8kWh*451,745/90%, which is 4417.06 MWhs. As the solar
panels are at a 10% efficiency with an 20% percent system loss for a grid-tied PV system, the
energy production per day from lm 2 solar panel is 1000W/m2*10%*80%*4 peak hours, which is
0.32kWh. Thus the area needed to output 4417.06 MWhs of energy per day with a 90% panel
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overhead is 4417.06 MWhs/0.32/90%, which is around 15.41km 2. The details are shown in Table
26. As this area is more than twice the total available area of 7.93km2, the GPES system based
on HDB residential unit is only able to supply around 51.4% of market penetration.
Table 26 Total Required Area Estimation to All Private Cars (PHEV)
15
8.8
240
7.5
1.8
4.89
1000
4
10%
80%
0.32
451,745
100.00%
451745
90%
5.4.4.3 Electricity Cost Estimation
Based on an available roof area of 7.93km 2, with the same grid-connected model that was
discussed in Sun's thesis for the HDB-Carpark residential model, the total production capacity is
as high as 568MW. The cost of such as system is more than 2.88 billion Singapore dollars. The
electricity cost is estimated as US $0.121/Wp or S$ 0.174/Wp, as shown in Table 27.
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Table 27 Total Cost Estimation of a Grid-tied HDB-Carpark PV System
Percentage Cost
1427288250.00 71.31%
392367102.35 19.60%
181965535.24 9.09%
11529.10 0.00%
100.00%
USD-SGD 1.44
2001632416.69 2882350680.03
2.80 4.04
0.121 0.174
In terms of percentage cost as shown in Figure 57, the module cost is the highest part of
cost that accounts for 71.3%, which is reasonable for such a large scale grid-connected system.
Again the next big component is the inverter cost which is 19% in this case. The maintenance
cost is almost negligible due to the size of the system. Even when the maintenance cost is set as 1
million USD per annum, its share of percentage cost is still minimal, as shown in Figure 58.
--I
Relative Component Cost
Installation Cost
(s)
9.0909%
DC/AC Inve rte r
cost (S)
19%
NPV of
Maintenance and
Licensing Cost (S)
0.0006%
Figure 57 Relative Percentage Cost of GPES
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Figure 58 Relative Percentage Cost of GPES with High Percentage of Maintenance Cost
5.4.4.4 Anatsis for a Practical Systemn of 50MW Capacity
Though Singapore has such a potential to achieve more than 568MW capacity, however
there is a limit for the amount of power to inject into the grid in order to avoid grid stability and
reliability issues. In Singapore, the regulations on grid transmission are set by Energy Market
Authority (EMA), which is acting as the Power System Operator (PSO) of Singapore. In the
latest version of the Electricity Market Rules published on 1 July 2009, there hasn't been specific
documentation of non regulated electricity such solar electricity or wind[135]. Thus here the
electricity feeding limit to the grid is set as 50MW which is the amount currently required for
general grid reliability[ 135] with a peak grid transmission level of around 6GW and a generation
capacity of around 9.775MW [136].
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a. Electricity Cost Estimation
Based on the grid-connected PV system analysed before, the area needed for 50MW
capacity is around 697900 m2. As the area is around 100 times larger than the area increase
compared with the grid-tied HDB-carpark model from Sun's thesis, the maintenance cost per
annum is assumed to 100 times larger as well, which is shown in Table 28.
Table 28 Maintenance and Licensing Cost
Maintenance and Licensing Cost
Maintenance Price($/year) 50000.00
Licensing cost ($/Year) 138.89
Total Variable Cost ($) 50138.89
904783.9
NPC Cost over life time ($) 8
For such as system, the electricity cost didn't change much as compared with the
previous case, shown in Table 29. The total capital cost is now around 177 million US dollars or
255 million Singapore dollars. Among all the cost, the module cost is still the largest part as
shown in Figure 59, which is the general case for grid-connected systems.
Table 29 Cost Estimation for a 50MW Generation Capacity
Cnt Calculation I Percentage Cost
125622000.00 70.9423%
34533977.37 19.5023%
16015597.74 9.0445%
904783.98 0.5110%
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Figure 59 Relative Percentage Cost of GPES with 50MW Capacity
b. Revenue and Profit Estimation
The average electricity wholesale price is at US$0.109/kWh or S$ 0.157/kWh quoted
from Sun's thesis and it will be used for revenue estimation. As the yearly energy production is
around 72,996,890 kWhs, the yearly revenue will be around 7.96 million US dollars (72,996,890
kWhs x $ 0.109/kWh) or 11.46 million Singapore dollars. Discount the 20 years' revenue back to
the present value, the Net Present Revenue is 145.06 million US dollars or 208.88 million
Singapore dollars. Deducting the cost of 177.08 million US dollars or 254.99 million Singapore
dollars, there is already a net loss without financing the capital investment. The details are shown
in
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Table 30 Revenue and Profit Estimation
Table 30 Revenue and Profit Estimation
177076359.09 254989957.08
145055128.44 208879384.96
-32021230.64 -46110572.12
5.4.5 Economic Feasibility Analysis and Environmental Benefits
a. Investment Evaluation for the Solar Operators with Government Rebate or
Price Co
As this system is not profitable, it is not considered as a good investment without
government incentives. If considering government rebate, it is found that if the government
offsets 18.08% of the initial cost (37.77 million Singapore dollars), the investment will
breakeven to begin to gain profit, as shown in Table 31. If consider financing the initial total
capital cost of 177.08 million US dollars (254.99 million Singapore) with a loan from bank at an
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interest rate of 10%, the annuity payment will be 20,799,322.69 US dollars, The Net Present
Value of all annuity is calculated as $474,124,804, which is the actual capital cost. With this
amount of cost, the government rebate has to be increased to 69.41% to breakeven even.
Table 31 Government Rebate to Breakeven
Total Cost 145055127.55 208879383.67
R145055128.44 208879384.96
To evaluate whether the investment is economical, we also have to compare the gain
from this PV system with other type of investments. With the 1% interest rate assumption, an
investment return of 1% from the capital investment is the Opportunity Costo. The case without
external financing will be first considered. Thus based on the capital investment of USD 145
million or S$ 208.89 after the 18.08% government rebate, the Net Present Value (NPV) of the
yearly return is US$26.2 million or S$37.7 million, as shown in Table 32. With a 0 value profit
from this investment, there exists a loss of an opportunity investment profit of 37.7 million
Singapore dollars, making the investment in the GPES system non-economical. For this system
to be economically feasible, the government rebate has to be increased to 30.61% of the initial
cost (54.16 million Singapore dollars) in order to make the GPES system an economically
profitable investment. As shown in Table 33.
10 Opportunity Cost= the Cost of the Second Best Alternative
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In the case with external capital cost financing, the economical profitability model is no
longer valid, as the operator does not own this amount of money, thus cannot make investments
with it.
Table 32 Opportunity Cost Calculation with a Breakeven Government Rebate
145,055,127.55
1.00%
18.05
26,175,999.87
208,879,383.67
37,693,439.82
Table 33 Government Rebate to be economically profitable
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So far we have estimated the government rebate required to make the GPES system to
breakeven and be economically profitable with or without external capital financing. Currently,
the government rebate policy for solar PV system is stated by EDB in the solar capability scheme,
which gives a rebate of 30 to 40% of the total capital investment, but capped at 1 million
Singapore dollars[137]. As the above cases all require 10s of millions Singapore dollar rebate,
the GPES system will not be an economical investment at the current stage of technical
development.
b. Investment Evaluation with Electricity Price Commission
Now let's consider the case when the government gives a clean energy electricity
commission and buy the PV electricity fed to grid at a higher price.
Without external financing of the US$177 million capital cost, the price for the solar
electricity sold has to be US$0.133/kWh or S$0.192/kWh in order to breakeven, as shown in
Table 34. Similarly with previous cases, to make it economically preferable as compared with
the alternative investment, the price has to be US$ 0.158/kWh or S$ 0.227/kWh, as shown in
Table 35. The profitability versus electricity price is plotted in Figure 60 and we can see
the crossover points at the nominal profitability line and the economic profitability line which
corresponds to the cost breakeven and economic profitability breakeven points.
Table 34 Price Commission to Breakeven
Page 128 of 173
Table 35 Price Commission to Be Economically Profitable
USD-SGD Exchange Rate 1.44
USD SGD
Electricity Price ( /kWh) 0.158 0.227
Government Rebate 0.000000/%
177076359.09 254989957.08
209030768.00 301004305.93
31954408.92 46014348.84
177,076,359.09 254,989,957.08
1.00%
18.05
31,954,408.17 46,014,347.76
0.75 1.08
Profitabilitywith Electricity Price
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Figure 60 Profitability of GPES VS Electricity Price
c. Electricity Price Sensitivity with System Size
All the above analysis has been based on the 50MW capacity. As the electricity price of a
grid tied system is related to its size, the size dependence of electricity price is plotted in the
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following figure. As we can see that electricity price drops fast with in the first 30 to 40MW size
range, once it exceeds that, the electricity will stabilize at around US$0.121/kWh.
Electricity Price Versus System Size
Electricity Price (US$/kWh) 
- Area Required (m2)
0.160
6,000,00
0.155
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Figure 61 Electricity Price Vs System Size for a Large Scale PV System
d. Carbon Dioxide (C02) Emission Reduction
From the above analysis, it is apparent that the electricity generated from a large scale
grid-tied PV system in Singapore is still too expensive without any government incentives. And
it will be not able to compete with current grid electricity price which is at almost half of the PV
electricity cost. PV electricity thus will not be attractive to PHEV users at the PV system's
current stage of technical development.
Page 130 of 173
However, the main advantage of solar electricity lies in its clean and renewable resource.
And it is environmental friendly with zero emission as compared to the current grid electricity
which is mostly generated from non-renewable fossil fuel resources such as nature gas and oil, as
described in Part one of the project and in the previous CPCS model.
With global environmental concerns as one of the most important issues in the world,
every government has the responsibility to reduce green gas emission, among which C02 is a
key component. To ensure global environmental sustainability in the long term, restriction on
CO2 emission shall also be put forward by the Singapore government. As mentioned in the
previous models, this can be done in the form of carbon credit trading system seen in some
European countries. Similarly with before, the environmental benefits of grid-tied PV electricity
shall be analysed based on the carbon trading system mentioned previously.
As the carbon intensity of the current grid electricity is 434g/kWh, and the price of
electricity from the 50MW GPES is US$0.1213/kWh, and the utility (gas-generated) average
wholesale electricity price is US$0.1090/kWh, so the price difference is US$0.0123/kWh.
Similarly, to bridge this price gap, the C02 emission per kWh of gas-generated electricity needs
to be charged. The unit carbon price is therefore:
$0.0123/kWh
- $0.02834/kg = $28.341/ton
434.0g/kWh
Hence, in order to let the large scale grid-tied electricity's price competitive with the gas-
generated utility electricity's price, the break-even price of C02 should be $28.341/ton, which is
lower than a stand-alone model where storage is required.
Page 131 of 173
From the previous section, a carbon trading price of $28.341/ton is needed in order to
make the grid-tied solar electricity be market competitive with the gas-generated electricity. This
price is about 33% higher than the current carbon trading price in Europe (-$21.30/ton [130]),
but is much less than the predicted price in 2016 (-$56.83/ton [131]). Therefore, solar electricity
from a large scale grid-tied tied PV system can be competitive with the utility electricity in the
near future. By then EVs as well PHEVs can have the option of charging green electricity and
thus resulting in a green private transportation system in Singapore.
5.4.6 Summary
To summarize, in the 50MW Grid-tied PV-EV Electricity System (GPES) just analysed,
the cost of S$0.175/kWh is still too high for solar electricity to compete with the current gas
generated utility electricity at a whole sale price of S$0.157/kWh without any government
incentives. As the cost of such a system is around 255 million Singapore dollars, even with the
maximum government rebate of 1 million Singapore dollars (US$694,444.44 at 1USD=1.44SGD)
at present, the change to the electricity cost per kWh is insignificant due to the huge size of the
base. However, if the government is willing to bear an electricity price commission to offset the
additional cost, or force a higher buying price to the grid at S$0.192/kWh (US$ 0.133/kWh),
which is S$0.035 higher than the current S$0.157 electricity wholesale price, the PV electricity
can be competitive with the current utility electricity price at its current stage of technical
development.
Without government incentives, the electricity cost can be offset by some amount
through carbon trading with its reduction of C02 emission. It was found that a $7.0/ton increase
above the current carbon trading price of -$21.30/ton is required to offset the difference between
PV electricity cost and the current utility electricity wholesale price. Based on the carbon trading
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price trend, we foresee the competitiveness of solar electricity generated from large scale grid-
tied PV system. Electrical Vehicles can then run on green electricity to promote a green
transportation system in Singapore.
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5.5 Concluding Remarks on the Implementation Models
Based on the four implementation models, a few concluding remarks can be drawn about
the prospects of the green technologies evaluated in this group Project.
5.5.1 Environmental Benefits
The main cause of implementing XEVs lies in its environmental benefits.
As shown in the Swapping Station Model, a BEV taxi can reduce 25-31 tons of CO 2
emission every year. A penetration of 5% in the taxi market (a total of 1250 BEV taxis) would
mean at least 31 kilo tones of CO 2 reduction. This reduction can be further increased to more
than 38 kilo tones, nearly 0.1% of the total CO 2 emission in Singapore, if renewable energy is
used to power up BEVs. Of course, at higher BEV taxi penetration rate, the environmental gains
will increase further. From the Private Car model, a PHEV user who drives 40 miles a day is able
to achieve 3.0806 tons of CO 2 reduction per year. Since private car sector is the largest in the
automobile market in Singapore, replacing gasoline cars with PHEV for private car users is a key
to the CO 2 reduction in transportation sector.
XEVs are still at its early stage of development. It is expected that these "green" cars' fuel
efficiency will be continuously improved along with the booming green vehicle industry. At the
mean time, the rapid development of PV technologies could also lead to PV panels of higher
efficiencies at lower cost. As a result, these environmental gains of XEVs and the XEV plus
renewable energy system can be further enlarged in the near future.
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55.2 Political Benefits
Politically, with a XEV system in place, Singapore can demonstrate to the world its
determination to reduce the absolute carbon emission in order to meet the Kyoto Protocol
requirement.
Singapore has a high CO 2 emission per capita, reflected by its high energy consumption.
Figure 62 shows the energy consumption per capita for a few selected countries including
Singapore. This graph is plotted based on statistics from Energy Information Administration
(EIA)'s International Energy Statistics and International Energy Agency (IEA)'s Key World
Energy Statistics 2008 [138]. The large difference between these two sets of data for Singapore
is mainly because that the former takes into account of energy consumed by marine bunkers at
the Singapore port. Nevertheless, both data suggests that as an oil refining center, this small
island country has a high energy consumption rate per capita, which is at the same level as other
developed countries.
Singapore is one of the Annex-B countries in the Kyoto Protocol. Therefore, Singapore
does not hold any imperative obligation in reducing its absolute GHG emission as compared to
countries in Annex-A list in the first phase before 2012. However, the high GHG emission has
brought many pressures to Singapore. BEV system, on the other hand, will help improve the
image of this highly industrialized city state, and demonstrate the government's resolution
toward environment protections.
Page 135 of 173
Energy Consumption Per Capita for Selected Countries in 2006 (toe/capita)
U Energy Information Administration (EIA)
U International Energy Agency (IEA)
US Australia Finland Japan UK World
Figure 62 C02 Consumption Per Capita for Selected Countries in 2006 11381
5.5.3 Social Benefits
Socially, implementing XEV system helps to raise the awareness of environmental
conservation and it also helps Singapore to maintain its status being a green and clean city in the
world.
The low noise level of XEV compared to conventional cars can greatly enhance people's
driving experience, reduce noise pollution in city areas and project an environmental-friendly
image of Singapore to the world.
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Singapore
5.5.4 Economical Barriers
Implementing XEVs requires a large amount of upfront capital cost as compared to gasoline
cars. Government incentives are necessary to help introduce XEVs into the Singapore market.
However, the largest barrier also lies in this high capital cost.
While the government incentives are essential for implementing XEVs, however, the
Singapore Government does not reap many economic benefits from this system. Firstly, the
major cost of XEV systems is from battery. Battery suppliers are mainly from Japan, Korea, and
U.S. In Singapore, there is rarely any industry directly related to battery manufacturing.
Secondly, one important consideration to promote XEV in U.S. is to save its automobile industry.
Unfortunately, Singapore does not have its own automobile industry either. All cars in Singapore
are imported from other countries. Moreover, while construction of battery swapping station can
possibly create some employment opportunities in Singapore, the major cost in these stations is
from the battery swapping mechanics, which are likely to be manufactured in other countries.
Lastly, the operation of battery swapping stations is developed towards an automatic system.
This is to minimize staffing cost and make the process more convenient for XEV drivers.
However, such operation requires very little manpower, thus does not create many employment
opportunities in Singapore.
In the development of solar industry in Singapore, so far there is no policy in place to
specify a certain percentage of electricity which must be from the renewable energy by a certain
time; there is no sign showing that the government will provide feed-in-tariff for solar electricity
as well. Instead, the government emphasizes that "energy cost should be borne in full by end-
users", because the government believes that subsidization would "dampen price signals and
create the incentives to over-consume" [139]. However, the solar electricity is still too expensive
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to be accepted by most users at its present price level. The estimated present price level of
S$0.175/kWh is based on the cost effective large grid-tied PV system at its state of the art
technology.
It appears that the Singapore Government put more focus on growing the industry to create
more employment opportunities and generating revenue, rather than emphasizing the PV
application in Singapore. Therefore, a large scale of deployment of PV probably will not happen
in a short term. It is more likely that the government will wait for the cost of this technology to
go down.
5.5 Summary
In a nutshell, despite of environmental, political and social benefits, currently the high cost
of XEVs system prevents it from entering the Singapore market easily, as the government
support is not strong enough. Under current policies, battery swapping model and private car
model are not cost-effective compared with their gasoline counterparts. However, this situation
would change if gasoline price goes up, or if the government taxes the CO 2 emission.
$70.21/ton CO 2 price is necessary to make the cost of BEV taxi system competitive to that
of gasoline taxi system. With increasing CO2 trading price, it is highly possible to see BEV taxis
running on the road in next ten years. On the other hand, $378.3445/ton CO 2 price is needed for
PHEV to breakeven. This is 17.5 times of the current CO 2 trading price in the EU. As the private
cars contribute the most CO 2 emission in the transpiration sector and PHEV fits the needs of
private users well, further rebate must be given for PHEV to be accepted by Singaporeans.
Page 138 of 173
Solar energy could provide "clean" electricity for the XEV system and maximize its
environmental benefits. Currently only a few trial sites are built to study the feasibility of roof-
top PV in Singapore, and a long time into the future is required for PV electricity to be
competitive with utility electricity.
With energy storage system, the electricity generated from solar energy can have better
quality and longer available usage time (not only during sunny daytime.) However, the cost of
solar energy and storage system at present level is still too high to be generally accepted in
Singapore. Again, it is expected that with increasing oil price volatility and reduced technology
costs, solar energy with storage system can start to have its market niche in the future.
In the best scenario, XEV, solar PV and storage technology will become mature during the
same period. A combination of them would generate the maximum benefits. For example, a total
of only 1250 BEV taxis running on solar electricity could save about 38 kilo tons of C02 per
year.
However, if the oil price rises rapidly within a short period, it is possible to have a XEV
system relying on fossil fuel generated electricity. In this scenario, these 1250 BEV taxis can still
reduce C02 emission by 31 kilo tons every year, compared to gasoline cars. Before that, the best
way in reducing C02 emission from the transportation sector is probably promoting public
transport.
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Chapter 6. Conclusion
In this project, we have briefly reviewed the car, energy and solar energy (electricity)
market in Singapore. Firstly, while the car population in Singapore is strictly under control by
the government through various policies, the car demand remains strong in Singapore. Seeing the
positive environmental impacts of green vehicles, the Singapore government has introduced
"green vehicle rebate" to encourage the growth of green vehicle industry in Singapore. Although
the total quantity of green vehicles remains small, the growth rate in recent years has been quite
significant. For example, the number of hybrid cars has almost doubled from 1,057 in Year 2007
to 1,999 in Year 2008. Secondly, it is noticed that Singapore relies heavily on natural gas
imported from neighboring countries for its electricity generation, which consists of nearly 76%
of its electricity fuel mix. Hence, Singapore has an urgent need to diversify its electricity mix.
On the other hand, its total installed electricity generation capacity of about 10 GW is almost
twice of its peak demand. This excess power generation capacity can potentially provide
electricity for the XEV system. Lastly, the government is also heavily investing in solar industry.
While most of photovoltaic panels made in Singapore are for export, the government is
investigating the application of building integrated photovoltaic (BIPV). This renewable solar
energy can be another source of electricity generation. It can also provide "green" electricity to
the XEV systems to make these vehicles truly "green".
To further understand the economics and feasibility for generating renewable energy,
both photovoltaic and solar thermal technologies are investigated.
For photovoltaic systems, it is found that at the current stage of technological
development, the costs of modules and inverters take the largest part of the total system cost.
Among all types of solar cell and module technologies, crystalline Si based PV technology has
the best performance in terms of efficiency and system reliability, while thin film technologies
have the lowest cost. Among all types of in-market thin-film technologies, the CdTe thin film
modules from the First Solar have the best efficiency to cost ratio, even when operating in land-
scarce Singapore where cell temperature can reach as high as 600C. Thus CdTe module from
First Solar has been used for the PV system analysis. With the rest of the components assumed to
be at their latest state of technical development, it is found that for a large-scale PV system
deployed at HDB roof-top, the solar electricity cost is around S$0.174/kWh, which is not cost
competitive as compared with the average utility wholesale electricity price (during sunny
daytime) of S$0.157 dollars. If carbon trading is considered, PV systems' zero carbon emission
advantage would enable it to gain additional profit to offset its cost. It is found that the current
carbon trading price of $21.30/ton in the EU has to be increased by $7 to $28.34/ton to offset the
price difference between solar electricity and utility electricity. With the current trend of price
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increase for carbon trading, we foresee the competiveness of large-scale grid-tied solar electricity
in the near future.
It is also found that concentrating solar thermal technologies is not suitable for Singapore.
Firstly, in a concentrating solar power (CSP) system, only direct normal insolation can be
focused to solar receiver and transformed into thermal energy. This thermal energy is used to
generate steams and drive a conventional turbine motor to produce electricity. However, in
Singapore, about 40% of its daily radiation belongs to diffuse radiation; only an average of
2.4 kW/m 2 direct normal insolation (DNI) is available daily. On the other hand, to make CSP
systems economic, usually a daily DNI of 6 kW/m 2 is required. Secondly, CSP plants occupy a
large area to collect solar radiation. Even though parabolic trough power plants require the
minimum land areas among all CSP plants, Nevada Solar One - a newly built 64 MW parabolic
trough plant - takes up a vast area of 1.6 km2. It is impractical for Singapore to have such a large
area just for building a power plant because of its limited land. These two factors make the
concentrating solar power technology unsuitable for the Singapore market. Instead, BIPV may be
a good option for Singapore to harvest solar energy. Nevertheless, CSP plants, especially the
parabolic trough power plants, still have a huge market in sub-desert or desert areas with rich
DNI, such as south-western US and Mediterranean countries. In recent years, significant
progress has been made in the research field related to parabolic trough technologies, such as
receivers with better optical efficiency, solar mirrors of lower cost, and heat transfer fluid
operating at higher temperature. All these efforts have been continuously bringing down the cost
of solar electricity. Parabolic trough power plants will play an important role in the large scale
central power generation in its niche market.
Since battery will be the most critical part for electrical vehicles, lithium ion battery
technologies are examined in order to choose one specific battery technology to meet the
technical specifications. It is found that both manganese and phosphate based lithium ion
batteries are potentially suitable for XEVs. With higher durability and lower cost, LiFePO 4
battery is expected to have higher utility for XEVs.
Large-scale energy storage system using flow battery technology, more specifically the
vanadium redox flow batteries (VRB), is also evaluated together with other technologies
mentioned above for integrated implementation models. Flow battery is known for its decoupled
energy and power management, and its scalability for various application requirements. Though
its energy density and power density may not be as high as its competitors, such as NaS and Li-
ion systems, its relatively low unit cost in terms of $/kWh, extended lifecycle and convenient
O&M make it one of the few fast growing electro-chemical storage technologies in the market
today.VRB is one of the most promising candidate in the flow battery family meeting the future
demand, mainly because of its electrolyte's high resistance to crossover contamination,
environmental friendliness and decreasing unit capital cost. However, based on the models
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presented in the Team Project, implementing flow batteries system for large-scale energy storage
in Singapore is still not financially viable at present. The main obstacle is the cheap energy
(electricity) cost in Singapore. On the other hand, with increasing gas price volatility and more
government support for environmental conservation (such as carbon credit trading), also with the
improved flow battery performance and decreased unit capital cost, large-scale energy storage
will become the soon-to-be "sun-rise" market in Singapore.
Based on these findings, four different models are built and evaluated. In the first model,
battery electric vehicle (BEV) is identified as a suitable candidate to replace gasoline taxi
because it offers reduced CO 2 emission, and lowered noise level especially in a long driving
distance. This BEV taxi system will be implemented together with battery swapping stations as
supporting infrastructure. From the economic analysis, it is found that based on the average
electricity and gasoline price from 2005 to 2009 ($0.093/kWh for electricity and $1.86/gallon for
gasoline), the cost per mile for BEV and gasoline car is $0.217 and $0.199, respectively. To
bridge this price gap, a carbon tax of $70.21/ton is required to be placed on gasoline taxis. On the
other hand, when the gasoline price rises above $2.4/gallon, BEV taxi will become more
competitive than gasoline taxi in terms of cost per mile. Furthermore, each BEV taxi can help to
reduce about 25 tons of CO 2 emission every year. This reduction can go up to 35 tons if the
electricity is generated from renewable source instead of natural gas fired power plant. Therefore,
if all the gasoline taxis are replaced by BEV taxis, a total of 855.61 kilo tons of CO 2 reduction
can be achieved. This will be about 2% of the total CO2 emission in Singapore (40, 377 kilo tons
in 2005).
In the second model, PHEV is found to be suitable for private users for its acceptable up-
front price, less CO2 emission and lower operation cost. By using the same gasoline and
electricity prices as in the first model, the model has shown that the cost of PHEV is still higher
than that of gasoline car under current Green Vehicle Rebate scheme. In order for PHEV to be
cost equivalent with gasoline cars, a CO 2 trading price of $378.34/ton is needed and this is 17.5
times of the current CO 2 trading price ($21.6/ton) in the EU. Hence, PHEV is unlikely to be
adopted by private users unless more incentives are given by the government.
In the third model of car park charging system (CPCS), a stand-alone solar (PV)
electricity generation system with energy storage is built for a car park charging system (CPCS)
in a large shopping complex in the south-western Singapore. The objective of such CPCS is to
help increase the electric vehicle penetration and make those EVs "greener" in Singapore. Based
on a cost model of making full use of the available roof-top area for solar PV panels (>34,000m 2)
and charging electric vehicle at maximum electricity storage capacity (2.5MW, 10MWh), the
final electricity cost from the CPCS is about $0.285/kWh. This is about three times of the
average gas-generated electricity price in Singapore from 2005 to 2009 ($0.093/kWh). In order
to make the CPCS-generated electricity cost equivalent to gas-generated electricity, carbon credit
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should be awarded and the calculated breakeven CO 2 price is about $432/ton. This figure is
about 20 times of the current carbon trading price in the EU and 8 times of the predicted price in
2016. A "best case" is also carried out in which the energy storage system is excluded and
government's financial aid is considered. The final result shows that only with gas-generated
electricity price above $0.1432/kWh, could the CPCS become economically feasible. However,
the trade-off in the "best case" would be the less availability of electricity when there is no sun-
light available.
In the last model of a large-scale grid-tied PV-EV electricity System, the economic
feasibility of building a 50MW large-scale grid-connect PV system with the state of the art
technology on the top of HDB roofs has been considered. The total area required for such a
system is 697,900m 2 and the cost is around 255 million Singapore dollars. The cost of electricity
without any government incentives is around US$0.121/kWh or S$0.175/kWh, higher than
utility electricity wholesale price at US $0.109/kWh or S$0.157/kWh. If considering the
maximum government rebate of 1 million Singapore dollars, the change to the electricity cost per
kWh is insignificant due to the huge base size. However, if an electricity price commission is
given to solar electricity either by the government offset or by a forced higher buying price from
the utility, the price of the electricity only needs to be increased to US$0.133/kWh or
S$0.192/kWh to make such a PV system profitable. To make the system economically viable, it
has been found that an electricity price of US$0.158/kWh or S$0.227kWh is required. If carbon
trading is also considered which can be used to offset part of the cost, there needs a US$7/ton on
top of the current carbon trading price in the EU to make the system profitable, which is
foreseeable in the near future based on the current price trend.
From the economic analysis on different XEV models, it is found that at current stage,
strong government incentives are necessary to implement XEV system. However, the
government seems quite lukewarm about the XEVs. This is most likely because that there is no
car and battery industry in Singapore. Heavy investment in XEV system does not necessarily
stimulate the economy much. In addition, as an Annex-B country in Kyoto Protocol, the pressure
on CO 2 reduction is not desperately urgent for Singapore. In addition, the relatively small
reduction of COz by implementing XEV systems does not provide enough driving force for the
country to adopt green vehicles on a large scale. After all, promoting public transport offers
another economical alternative for the government. From the Tie-to-Grid model, it is also found
that solar PV electricity is still not cost competitive with the current utility price at its present
stage of technical development.
While a few trial sites have been built to test the feasibility of roof-top PV in Singapore,
it is believed that Singapore is still waiting for PV price to further drop down before a large scale
deployment. Air-conditioning seems a good usage for this renewable energy, before the XEV
systems are implemented.
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Appendix 1 Input to SAM for a 100MW Parabolic Trough Power Plant with 6 Hours of Thermal Storage
Program
Concentrating Solar
Technology Power
Market Central Generation
Application Electricity
Environment
Climate CA Daggett.tm2
Utility Rates N/A
0.00
Financials IPP and Utility
Inflation Rate 2.50 %
Analysis Period 30.00 years
Real Discount Rate 8.00 %
Loan Term 20.00 years
Loan Rate 8.00 %/year
Loan (Debt) Fraction 40.00 %
Federal Tax 35.00 %/year
State Tax 8.00 %/year
Property Tax 0.00 %/year
Insurance 0.50 %
Type of Financing IPP and Utility
Minimum Required DSCR 1.40
Minimum Required IRR 15.00 %
PPA Escalation Rate 1.20 %
Positive Cashflow Constraint 1.00
Sales Tax 7.75 %
MACRS Mid-Quarter
Federal Depreciation Type Convention
MACRS Mid-Quarter
State Depreciation Type Convention
Optimize LCOE with respect to Debt
Percent 0.00
Optimize LCOE with respect to PPA
Escalation 0.00
Minimum DSCR Constraint 1.00
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Incentives ITC
Federal ITC Percent 30.00 %
Federal ITC Maximum
Federal Max ITC Taxable Federal NA
Federal Max ITC Taxable State NO
Federal Max ITC ITCBasis Federal NA
Federal Max ITC ITCBasis State NA
Federal Max ITC DeprBasis Federal CHECKED
Federal Max ITC DeprBasis State CHECKED
Loads Under Development
System
Configuration Parabolic Trough
CSP Type Parabolic Trough
Solar Field 886,986m2,VP-1
Collector Tilt 0.00 o,lblArfCSP 1TiltUnits
Collector Azimuth 0.00 o,lblArfCSP 1lAzimuthUnits
Number of SCAs per Row 4.00
Row spacing, center-to-center 15.00 m
Distance Between SCAs in Row 1.00 m
Solar Multiple 2.00
Deploy Angle 10.00 0,lblArfCSP IDeployAngleUnits
Stow Angle 170.00 o,lblArfCSP 1 StowAngleUnits
Ambient Temperature 25.00 C
Direct Normal Radiation 950.00 W/m2
Wind Velocity 5.00 m/s
Solar Multiple (calculated) 0.00
Solar Field Area (calculated) 0.00 m2
Exact Area 0.00 m2
Exact Number of SCAs 0.00
Solar Field Outlet Temperature 391.00 C
Solar Field Inlet Temperature 293.00 C
Solar Field Initial Temperature 100.00 C
Solar Field Piping Heat Losses @
Design T 10.00 W/m2
Piping Heat Loss Temp Coeff 1 0.00
Solar Field HTF VP-I
Minimum HTF Temperature 50.00 C
Piping Heat Loss Temp Coeff 3 0.00
Piping Heat Loss Temp Coeff 2 (0.00)
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HTF Gallons per Area 0.61 gal/m2
Solar Field Piping Heat Losses 0.00 W/m2
Solar Multiple Calculation 0.00
Solargenix SGX-1, Solel
SCA/HCE UVAC3
Minimum Windspeed 1 0.00
Optical Efficiency (HCE) 1 0.00
AO Heat Loss Coefficient 1 0.64
Al Heat Loss Coefficient 1 0.11
Receiver Type and Condition Solel UVAC3/Vacuum
Heat Loss Factor 1 1.25
Unaccounted 1 1.00
Absorber Absorption 1 0.96
Envelope Transmissivity 1 0.96
Bellows Shadowing 1 0.96
Percent of Field 1 0.99
A3 Heat Loss Coefficient 1 0.00
A4 Heat Loss Coefficient 1 0.00
A5 Heat Loss Coefficient 1 (0.52)
A6 Heat Loss Coefficient 1 0.01
Receiver Heat Losses 1 0.00
Optical Efficiency (Weighted) 0.00
A2 Heat Loss Coefficient 1 (0.00)
Thermal Losses (Weighted W/m2) 0.00
Percent of Field 2 0.01
Percent of Field 3 0.01
Percent of Field 4 0.01
Bellows Shadowing 2 0.96
Bellows Shadowing 3 0.96
Bellows Shadowing 4 0.96
Envelope Transmissivity 2 0.96
Envelope Transmissivity 3 1.00
Envelope Transmissivity 4 0.96
Absorber Absorption 2 0.96
Absorber Absorption 3 0.90
Absorber Absorption 4 0.96
Unaccounted 2 1.00
Unaccounted 3 1.00
Unaccounted 4 1.00
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Heat Loss Factor 2 1.25
Heat Loss Factor 3 1.25
Heat Loss Factor 4 1.25
Minimum Windspeed 2 0.00
Minimum Windspeed 3 0.50
Minimum Windspeed 4 0.00
Optical Efficiency (HCE) 2 0.00
Optical Efficiency (HCE) 3 0.00
Optical Efficiency (HCE) 4 0.00
AO Heat Loss Coefficient 2 (1.97)
AO Heat Loss Coefficient 3 (9.49)
AO Heat Loss Coefficient 4 7.96
Al Heat Loss Coefficient 2 0.84
Al Heat Loss Coefficient 3 0.30
Al Heat Loss Coefficient 4 1.36
A2 Heat Loss Coefficient 2 (0.00)
A2 Heat Loss Coefficient 3 (0.00)
A2 Heat Loss Coefficient 4 0.00
A3 Heat Loss Coefficient 2 0.00
A3 Heat Loss Coefficient 3 0.00
A3 Heat Loss Coefficient 4 0.00
A4 Heat Loss Coefficient 2 0.00
A4 Heat Loss Coefficient 3 0.00
A4 Heat Loss Coefficient 4 0.00
A5 Heat Loss Coefficient 2 (3.54)
A5 Heat Loss Coefficient 3 19.51
A5 Heat Loss Coefficient 4 (2.56)
A6 Heat Loss Coefficient 2 0.12
A6 Heat Loss Coefficient 3 3.39
A6 Heat Loss Coefficient 4 0.31
Receiver Heat Losses 2 0.00
Receiver Heat Losses 3 0.00
Receiver Heat Losses 4 0.00
Tracking Error and Twist 0.99
Geometric Accuracy 0.98
Mirror Reflectivity 0.94
Concentrator Factor 1.00
Incident Angle Modifier -Coeff 3 (0.18)
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Collector Type Solargenix SGX-1
Incident Angle Modifier -Coeff2 0.05
Incident Angle Modifier -Coeff 1 1.00
Average Focal Length 1.80 m
SCA Aperature Area 470.30 m2
SCA Aperature 5.00 m
SCA Length 100.00 m
Mirror Cleanliness Factor (field avg) 0.95
Solar Field Availability 0.99
Dust on Envelope (field avg) 0.98
Power Block 100MWe, 0.377
Power Plant Availability 94.00 %
Cooling Tower Correction F4 0.00
Cooling Tower Correction F3 0.00
Cooling Tower Correction F2 0.00
Cooling Tower Correction Fl 0.00
Cooling Tower Correction FO 1.00
Temperature Correction Mode wetbulb basis
Turb. Part Load Elec to Therm F3 0.04
Turb. Part Load Elec to Therm F2 (0.06)
Turb. Part Load Elec to Therm Fl 0.99
Turb. Part Load Elec to Therm FO 0.04
Turb. Part Load Elec to Therm F4 0.00
Turb. Part Load Therm to Elec F4 0.00
Turb. Part Load Therm to Elec F3 (0.04)
Turb. Part Load Therm to Elec F2 0.08
Turb. Part Load Therm to Elec Fl 1.01
Turb. Part Load Therm to Elec FO (0.04)
Design Turbine Gross Output 110.00 MWe
Turbine Start-up Energy 0.20
Minimum Load 0.15
Max Over Design Operation 1.15
Design Turbine Gross Efficiency 0.38
Rated Turbine Net Capacity 100.00 MWe
System Type Steam RH
Max Turbine Thermal Input 0.00 MWt
Min Turbine Thermal Input 0.00 MWt
Design Turbine Thermal Input 0.00 MWt
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Annual Degradation 0.00 %/year (compounded)
Boiler LHV Efficiency 0.90
Storage Solar Salt, 6hrs, 2T
Direct 0.00
Solar Field per area 300.00 /m2
Installed / Array Size ($/W) 0.00
Indirect 0.00
Installed 0.00
Sales Tax Percent of Direct 80.00 %
PLM Percent of Direct 3.50 %
EPC of Direct 16.00 %
Storage per capacity 40.00 /kWht
Power Plant per capacity 850.00 /kWe
Fixed O and M 50.00 /kW-yr
Variable 0 and M 0.70 /MWh
Fixed O and M Escalation 0.00 %
Variable O and M Escalation 0.00 %
Contingency Percent 8.40 %
Fossil per capacity 0.00 /kWe
HTF per capacity 150.00 /kWe
Site Improvements per area 3.00 /m2
Fuel Costs Esc 0.00 %
Fuel Costs 0.00 /MMBTU
Fixed (Annual) O and M 0.00 /yr
Fixed (Annual) O and M Escalation 0.00 %
Parasitics 20.39MWe
Direct 0.00
Solar Field per area 300.00 /m2
Installed / Array Size ($/W) 0.00
Indirect 0.00
Installed 0.00
Sales Tax Percent of Direct 80.00 %
PLM Percent of Direct 3.50 %
EPC of Direct 16.00 %
Storage per capacity 40.00 /kWht
Power Plant per capacity 850.00 /kWe
Fixed O and M 50.00 /kW-yr
Variable O and M 0.70 /MWh
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Fixed O and M Escalation 0.00 %
Variable O and M Escalation 0.00 %
Contingency Percent 8.40 %
Fossil per capacity 0.00 /kWe
HTF per capacity 150.00 /kWe
Site Improvements per area 3.00 /m2
Fuel Costs Esc 0.00 %
Fuel Costs 0.00 /MMBTU
Fixed (Annual) O and M 0.00 /yr
Fixed (Annual) O and M Escalation 0.00 %
Costs 597,779,622.50
Direct 0.00
Solar Field per area 300.00 /m2
Installed / Array Size ($/W) 0.00
Indirect 0.00
Installed 0.00
Sales Tax Percent of Direct 80.00 %
PLM Percent of Direct 3.50 %
EPC of Direct 16.00 %
Storage per capacity 40.00 /kWht
Power Plant per capacity 850.00 /kWe
Fixed O and M 50.00 /kW-yr
Variable 0 and M 0.70 /MWh
Fixed O and M Escalation 0.00 %
Variable O and M Escalation 0.00 %
Contingency Percent 8.40 %
Fossil per capacity 0.00 /kWe
HTF per capacity 150.00 /kWe
Site Improvements per area 3.00 /m2
Fuel Costs Esc 0.00 %
Fuel Costs 0.00 /MMBTU
Fixed (Annual) O and M 0.00 /yr
Fixed (Annual) O and M Escalation 0.00 %
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Appendix 2 Input to SAM for a 15 MW CPV Farm
Program
Technology Photovoltaics
Market Central Generation
Application Electricity
Environment
Climate CA Daggett.tm2
Utility Rates N/A
Flat Rate 0.12 0/kWh
Utility Rate Type Flat Rate
0.00
Financials IPP and Utility
Inflation Rate 2.50 %
Analysis Period 30.00 years
Real Discount Rate 7.50 %
Loan Term 20.00 years
Loan Rate 6.00 %/year
Loan (Debt) Fraction 50.00 %
Federal Tax 35.00 %/year
State Tax 8.00 %/year
Property Tax 0.00 %/year
Insurance 0.00 %
Type of Financing IPP and Utility
Minimum Required DSCR 1.40
Minimum Required IRR 15.00 %
PPA Escalation Rate 0.00 %
Positive Cashflow Constraint 1.00
Sales Tax 0.00 %
MACRS Mid-Quarter
Federal Depreciation Type Convention
MACRS Mid-Quarter
State Depreciation Type Convention
Optimize LCOE with respect to
Debt Percent 0.00
Optimize LCOE with respect to PPA
Escalation 0.00
Minimum DSCR Constraint 1.00
Incentives ITC
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Federal ITC Percent 30.00 %
Federal ITC Maximum
Federal Max ITC Taxable Federal NA
Federal Max ITC Taxable State NO
Federal Max ITC ITCBasis Federal NA
Federal Max ITC ITCBasis State NA
Federal Max ITC DeprBasis Federal CHECKED
Federal Max ITC DeprBasis State CHECKED
Loads Under Development
System
Configuration Concentrating
0.00
1.00
Sys=15,000.00kWdc,Inv=15,040.OOkWdc,2-
Array axis
Ground Reflectance 0.20
Modules per String 1.00
Strings in Parallel 250.00
Number of Inverters 94.00
%/year
System Degradation 1.00 (compounded)
Tracking Type 2-axis
Total pre-inverter derate factor 100.00 %
Total post-inverter derate factor 84.00 %
1.00
Ground Refl. with Snow 0.60
0.00
Shading Factor Off
Module Single Point Efficiency
SPE Efficiency 30.00 %
SPE Area 200.00 m2
Sandia PV Array
Model Type Performance Model
Inverter Single Point Efficiency
SPE efficiency of inverter 88.50 %
Inverter Power (ac) 160,000.00 Wac
Model Type Single Point Efficiency
Storage Under Development
BOS 0.00
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Storage 0.00
Installation 5,500,000.00
Module Cost ($/unit) 165,200.00 /unit
Inverter Cost ($/unit) 73,600.00 /unit
PLM of Direct 1.00 %
EPC of Direct 1.00 %
Contingency 0.00 %
Fixed O and M 0.00 /kWdc-yr
Variable O and M 0.00 /MWac-h
Fixed O and M Esc 0.00 %
Variable O and M Esc 0.00 %
Sales Tax of Direct 0.00 %
Inverter Cost Units /unit
Collector Cost Units /unit
Fixed (Annual) O and M 579,966.00 /yr
Fixed (Annual) O and M Esc 0.00 %
BOS Under Development
BOS 0.00
Storage 0.00
Installation 5,500,000.00
Module Cost ($/unit) 165,200.00 /unit
Inverter Cost ($/unit) 73,600.00 /unit
PLM of Direct 1.00 %
EPC of Direct 1.00 %
Contingency 0.00 %
Fixed O and M 0.00 /kWdc-yr
Variable O and M 0.00 /MWac-h
Fixed O and M Esc 0.00 %
Variable O and M Esc 0.00 %
Sales Tax of Direct 0.00 %
Inverter Cost Units /unit
Collector Cost Units /unit
Fixed (Annual) O and M 579,966.00 /yr
Fixed (Annual) O and M Esc 0.00 %
Costs 54,792,768.00
BOS 0.00
Storage 0.00
Installation 5,500,000.00
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Module Cost ($/unit) 165,200.00 /unit
Inverter Cost ($/unit) 73,600.00 /unit
PLM of Direct 1.00 %
EPC of Direct 1.00 %
Contingency 0.00 %
Fixed O and M 0.00 /kWdc-yr
Variable O and M 0.00 /MWac-h
Fixed O and M Esc 0.00 %
Variable O and M Esc 0.00 %
Sales Tax of Direct 0.00 %
Inverter Cost Units /unit
Collector Cost Units /unit
Fixed (Annual) O and M 579,966.00 /yr
Fixed (Annual) O and M Esc 0.00 %
Installed Costs per Array Size 3.65 /W
Area-Related BOS 110.00 /m2
Indirect Percentage 1.96 %
Indirect per Collector 21.49 /m2
Indirect per Watt 0.07 /W
Collector Cost 2.75 /W
Collector Area 50,000.00 m2
Power-related Costs 0.46 /W
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